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ARTICLE INFO ABSTRACT

Keywords: Motor sequence learning gradually quickens reaction time, suggesting that sequence learning alters motor
Paired-pulse transcranial magnetic stimulation preparation processes. Interestingly, evidence has shown that preparing sequence movements decreases short
(ppTMS)

intracortical inhibition (SICI) in the contralateral motor cortex (M1), but also that sequence learning alters motor
preparation processes in both the contralateral and ipsilateral M1s. Therefore, one possibility is that sequence
learning alters the SICI decreases occurring during motor preparation in bilateral M1s. To examine this, two
novel hypotheses were tested: unilateral sequence preparation would decrease SICI in bilateral M1s, and
sequence learning would alter such bilateral SICI responses. Paired-pulse transcranial magnetic stimulation was
delivered over the contralateral and ipsilateral M1s to assess SICI in an index finger muscle during the prepa-
ration of sequences initiated by either the right index or little finger. In the absence of sequence learning, SICI
decreased in both the contralateral and ipsilateral M1s during the preparation of sequences initiated by the right
index finger, suggesting that SICI decreases in bilateral M1s during unilateral motor preparation. As sequence
learning progressed, SICI decreased in the contralateral M1 whilst it increased in the ipsilateral M1. Moreover,
these bilateral SICI responses were observed at the onset of motor preparation, suggesting that sequence learning
altered baseline SICI levels rather than the SICI decreases occurring during motor preparation per se. Altogether,
these results suggest that SICI responses in bilateral M1s reflect two motor processes: an acute decrease of in-
hibition during motor preparation, and a cooperative but bidirectional shift of baseline inhibition levels as
sequence learning progresses.

Intracortical inhibition (ICI)

Short intracortical inhibition (SICI)
Corticospinal excitability (CSE)
Motor preparation

Motor sequence learning

1. Introduction sequence learning alters motor preparation in these substrates. First,

although much remains to be uncovered [6], the disinhibition of

Motor sequence learning is a paradigm in which a repeating
sequence of movements is performed with increasing speed and accu-
racy [1-3]. Interestingly, work has shown that sequence learning re-
duces reaction time (RT) by altering the processes involved in preparing
the sequences [4,5]. For instance, Ariani and Diedrichsen (2019) [4]
showed that constraining the time permitted to prepare individual se-
quences slows motor sequence learning, suggesting that motor prepa-
ration processes contribute to sequence learning. One key question is
what neural process (or processes) of motor preparation is (are) altered
as sequence learning progresses?

To address this question, one must consider the known processes of
motor preparation, neural substrates of sequence learning, and whether

task-relevant cortical muscle representations emerges as one recognised
process of motor preparation [7], presumably allowing the motor system
to transition from an idling preparatory state to movement execution
[8-10]. In direct support, brain stimulation evidence suggests that one
robust process of motor preparation consists of short intracortical inhi-
bition (SICI) decreases in the contralateral motor cortex (M1) [11-13],
which is thought to reflect decreases in intracortical type A
gamma-aminobutyric acid (GABAj)-mediated inhibition [14]. For
instance, using paired-pulse transcranial magnetic stimulation (ppTMS),
Hamel et al. (2023) [13] showed that SICI decreases in the left M1 as
participants prepare to execute sequences with their right hand. Given
that sequence learning alters motor preparation processes [4,5], one
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possibility is that sequence learning alters such SICI decreases during
motor preparation [13]. Moreover, other ppTMS studies complement
this evidence by showing that resting SICI levels decrease in the
contralateral M1 when learning to perform sequential pinch [15] and
fast thumb abduction movements [16], which further hints at the pos-
sibility that SICI levels are altered as sequence learning progresses.
Second, TMS studies have shown that both the contralateral [17,18] and
ipsilateral [19-22] M1s causally contribute to motor sequence learning.
For instance, Kobayashi et al. (2009) [20] showed that inhibitory re-
petitive TMS (rTMS) delivered before sequence learning disrupts the RT
quickening when applied over the contralateral M1, but enhances the
quickening of RT when applied over the ipsilateral M1, suggesting that
processes occurring in bilateral M1s underpin sequence learning. Third,
additional neuroimaging [23,24] and TMS [25] work importantly ex-
tends the above evidence by suggesting that sequence learning specif-
ically alters motor preparation processes in bilateral M1s. For instance,
Hamano et al. (2021) [23] recorded functional magnetic resonance
imaging data to show that sequence learning increases activity in the
contralateral M1 during motor preparation. Moreover, Cohen et al.
(2009) [25] showed that delivering TMS pulses over the ipsilateral M1
during motor preparation impairs the memory consolidation of
sequence learning, suggesting that motor preparation processes are not
selectively altered in the contralateral M1. Altogether, this evidence
suggests that SICI decreases in the contralateral M1 is a neural process of
sequence preparation, but also that sequence learning alters preparation
processes in both the contralateral and ipsilateral M1s. Consequently,
one tantalising possibility is that sequence learning alters the SICI de-
creases occurring during motor preparation in bilateral Mls, and not
selectively in the contralateral M1.

To examine this possibility, this study tested two hypotheses. The
first hypothesis was that, in the absence of sequence learning, SICI in M1
would decrease bilaterally during the preparation of unilateral (right-
handed) sequence movements. This hypothesis is based on single-pulse
TMS studies showing that unilateral motor preparation increases corti-
cospinal excitability (CSE) in both the contralateral (see Ref. [6] for a
review) and ipsilateral M1s [26], suggesting that bilateral changes in
M1s’ excitability underpin motor preparation (see Ref. [27] for further
support). This first hypothesis was expected to confirm that SICI de-
creases in bilateral Mls during sequence preparation, therefore
providing a trackable motor preparation process as sequence learning
progresses. Based on the results of this first hypothesis and on evidence
suggesting that sequence learning alters motor preparation processes in
bilateral M1s [23-25], the second hypothesis was that sequence learning
would alter SICI in bilateral M1s during motor preparation.

2. Methods
2.1. Participants

Four groups of 20 medication-free, self-reported neurologically
healthy and right-handed young adults participated in this study.
Overall, the 80 participants were 20.4 + 0.5 years old (51 females and
29 males). Hereafter, all descriptive statistics represent the mean + 95%
confidence intervals (CIs). Participants were screened for TMS contra-
indications [28] and provided their informed written consent (which
was approved by the local institutional board; project #
ERN_17-1541AP6). All procedures were in accordance with the Decla-
ration of Helsinki. Participants received course credits in exchange for
their enrolment in this study.

2.2. Overview of the procedures

Two experiments were performed using ppTMS to assess SICI as
participants prepared to execute unilateral right-handed 4-element
finger-press sequences. Each experiment contained a Left M1 and a
Right M1 group. In the Left M1 groups, TMS was applied over the left
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(contralateral) M1 whilst MEPs were collected from a right (task-rele-
vant) index finger muscle. Conversely, in the Right M1 groups, TMS was
applied over the right (ipsilateral) M1 whilst MEPs were collected from a
left (task-irrelevant) index finger muscle that remained at rest.

The first experiment (Fig. 1) tested the first hypothesis, which was
that in the absence of sequence learning, SICI in M1 would decrease
bilaterally during unilateral motor preparation. Specifically, SICI was
assessed in the contralateral (Left M1 group; n = 20) and ipsilateral M1s
(Right M1 group; n = 20) during the preparation of pseudorandomised
sequences, which was to prevent sequence learning. The second exper-
iment (Fig. 2) tested the second hypothesis, which was that the presence
of sequence learning would alter the SICI decreases occurring during
motor preparation in bilateral M1s. Specifically, SICI was also assessed
in the contralateral (Left M1 group; n = 20) and ipsilateral M1s (Right
M1 group; n = 20) during unilateral motor preparation, but this time in
the presence of sequence learning. Finally, in this work, it should be noted
that “motor preparation” refers to the processes that precede the actual
execution of movements (as in Ref. [6]).

2.3. Finger-press sequences, apparatus and trial chronology

In both experiments, the participants executed sequences comprising
index and little finger presses of their right hand on a USB-wired
keyboard (600 Microsoft ®). The “D” and “J” keyboard keys were
labelled as digits “1” and “4”, and corresponded to index and little finger
presses, respectively. Designing sequences using these two digits resul-
ted in 6 possible finger-press sequences: “1-1-4-4”, “1-4-1-4", “1-4-4-1”,
“4-4-1-17, “4-1-4-1”, and “4-1-1-4".

All visual stimuli were displayed on a 24-inch liyama Prolite
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Fig. 1. First Experiment — TMS delivery over the left and right M1 during
motor preparation in the absence of sequence learning. (A) Chronology of a
typical trial - In response to a visual GoCue, participants used their right hand to
execute 4-element finger-press sequences as quickly and accurately as possible.
TMS pulses were delivered either before the GoCue (—500 ms, —250 ms), at
GoCue (0 ms), or after the GoCue (during the RT period; +250 ms, +500 ms).
The two TMS time points after the GoCue were (re)pooled according to the
latency at which pulses were delivered relative to the RT (Early RT: >1% but
<50% of the RT; Late RT: >50% but <100% of the RT). (B) Random blocks —
The finger-press sequences were pseudorandomised to prevent sequence
learning, and to isolate the effects of motor preparation on CSE and SICI. Par-
ticipants performed a total of 4 Random blocks (72 trials per block; 1 sequence
per trial). (C) Left M1 group — TMS was applied over the left M1 and the data
were recorded from the right (task-relevant) first dorsal interosseous (FDI)
muscle. (D) Right M1 group — TMS was applied over the right M1 and the data
were recorded from the left (task-irrelevant) FDI muscle.
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Fig. 2. Second Experiment — TMS delivery over the left and right M1
during motor preparation as sequence learning was induced. (A) Chro-
nology of a typical trial — Based on the findings of the first experiment, TMS
pulses were selectively delivered at GoCue and Late RT during motor prepa-
ration. This was to increase the number of TMS trials per time point. Unlike the
first experiment, the Late RT time point was iteratively calculated as 75% of the
RT median based on a sliding window, which was to account for the gradual RT
quickening as sequence learning progresses. (B) Random blocks — To prevent
sequence learning (control condition), participants executed pseudorandomised
sequences. (C) Learning blocks — To induce sequence learning, participants
executed sets of 2 repeating sequences. For both Random and Learning blocks,
the first and second half of trials were also grouped and respectively labelled
Early and Late phases. Each participant performed a total of 2 Random and 2
Learning blocks in a fully counterbalanced order. (D) Left M1 group — TMS was
applied over the contralateral M1 and the data were recorded from the right
(task-relevant) FDI muscle. (E) Right M1 group — TMS was applied over the
ipsilateral M1 and the data were recorded from the left (task-irrelevant)
FDI muscle.

(B2409HDS) computer monitor (1920 x 1080 pixels; 60Hz vertical
refresh rate). The behavioural experiments were run through custom-
built scripts using MATLAB (R2021b; MathWorks ®) and the
PsychToolBox-3 interface. The use of the PsychToolBox-3 function
“KbQueueCheck” resulted in sub-millisecond sampling (>1,000Hz) for
both the finger-press timing and the latency of the TMS pulses. A USB-
wired Arduino Nano board with a Deek Robot Terminal Adapter was
controlled through MATLAB to externally trigger the TMS devices.
Based on 800 behavioural trials and bootstrapped estimations (100,000
samples), the Arduino hardware had an average latency of ~20 + 6 ms
between issuing the MATLAB command and the actual trigger delivery.
This was offset by sending the trigger 20 ms earlier than the predefined
time points. The 3 ms inter-pulse interval was defined in, and controlled
by, Signal (Cambridge Electronic Design, v6.05), ensuring that the
Arduino hardware latencies did not alter the SICI pulses’ inter-pulse
interval. Finally, to offset the inter-pulse interval, the SICI pulses were
also triggered a further 3 ms earlier. This was also to ensure that test
pulses would be delivered at a similar latency on single and paired-pulse
trials to evaluate CSE and SICIL.
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The trial chronology was identical across both experiments (Fig. 1A
and 2A). A trial was initiated with the presentation of a PreCue (“Get
Ready”) for 1,500 ms. The GoCue then displayed the finger-press
sequence to be executed. A total of 1,750 ms was allowed to prepare
and execute the sequence (“Allowed Execution Time” in Fig. 1A and 2A).
Once four keys were pressed or the 1,750 ms limit was reached,
whichever came first, the screen went black for a delay of 1,000 ms. The
execution time of the ongoing trial was displayed for 1,500 ms, after
which the trial ended with a black screen. Each trial lasted ~8,000 ms
with a fixed inter-trial interval of 2,000 ms.

2.4. Design of each experiment

The first experiment examined the effects of motor preparation on
SICI in the absence of sequence learning (motor preparation; Fig. 1B). To
avoid sequence learning, participants performed the six finger-press
sequences in a pseudorandomised order over 4 blocks of 72 trials.
Each of these blocks, labelled as ‘random’ contained six repeats of a 12-
trial cycle, where each of the six possible finger sequences was presented
twice. There was an even split of sequences initiated with the index and
little fingers, and the same sequence never repeated on adjacent trials.
Each 12-trial cycle contained 10 TMS and 2 NoTMS trials. Over the 10
TMS trials, each single- (CSE) and paired-pulse (SICI) TMS variable was
assessed at each of the 5 Time Points (—500 ms, —250 ms, GoCue, +250
ms, and +500 ms). The NoTMS trials were to evaluate behavioural
performance in the absence of the disruptive effects of TMS [29,30].
Halfway through each Random block, participants were provided with
2-min breaks to relieve fatigue. A total of 288 trials (240 TMS and 48
NoTMS trials) were collected for both the Left and Right M1 groups,
which necessitated approximately 40 min. From start to finish, the first
experiment lasted approximately 65 min.

The second experiment examined the effects of motor preparation on
SICI in the presence of sequence learning (sequence learning; Fig. 2).
Participants performed a total of 2 Learning and 2 Random blocks in a
fully counterbalanced order. As in the first experiment, the Random
blocks (Fig. 2B) contained pseudorandomised sequences to prevent
sequence learning, therefore acting as a control for the Learning blocks.
Each Random block contained 132 trials split into three 44-trial cycles.
Within each 44-trial cycle, each TMS variable (CSE, SICI) was assessed at
each of the 2 Time Points (GoCue, Late RT) a total of 6 times (36 TMS
trials). Each 44-trial cycle also contained 8 NoTMS trials. Participants
were provided with 2-min breaks to relieve fatigue at the end of each 44-
trial cycle. In each Random block, there was an even split of sequences
initiated by the index and little fingers, and the same sequence never
repeated on adjacent trials. When combining the 2 Random blocks, a
total of 264 trials (216 TMS and 48 NoTMS trials) were collected for
both the Left M1 and Right M1 groups, which necessitated approxi-
mately 35 min.

Each Learning block (Fig. 2C) started and ended with short blocks of
pseudorandomised sequences. Each of these consisted of 18 NoTMS
trials, and the first short block was used to individualise the Late RT time
point (see below) as sequence learning was induced. To induce sequence
learning, sets of 2 repeating sequences were executed for a total of 132
trials (e.g., first Learning block: “1-4-1-4 — 4-1-1-4”; second Learning
block “4-1-4-1” — “1-4-4-17). During those 132 trials, three 44-trial
cycles were designed, in which the sets of two repeating sequences
were executed a total of 22 times. As for the Random blocks, for each 44-
trial cycle, each TMS variable (SICIL, CSE) was assessed at each of the 2
time points (GoCue, Late RT) a total of 6 times (36 TMS trials). Each
cycle also contained 8 NoTMS trials. Participants were provided with 2-
min breaks to relieve fatigue at the end of each 44-trial cycle. In each
Learning block, there was an even split of sequences initiated by the
index and little fingers. When combining the two Learning blocks, a total
of 336 trials (216 TMS and 120 NoTMS trials) were collected for the Left
M1 and Right M1 groups, which necessitated approximately 50 min.
From start to finish, the second experiment lasted approximately 110
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2.5. Justification of the TMS time points

In the first experiment (motor preparation), TMS pulses were deliv-
ered at 5 Time Points (Fig. 1A) to investigate excitability changes before
the GoCue (during the foreperiod), at GoCue (onset of motor prepara-
tion), and after GoCue (during motor preparation) [11,12,31]. Specif-
ically, TMS was either delivered at —500 ms or —250 ms before the
GoCue, at the GoCue (0 ms), or at +250 ms or +500 ms after the GoCue.
After they were collected, the data from the +250 ms and +500 ms time
points were pooled as a function of the latency at which TMS pulses were
delivered relative to the actual reaction time (RT) in that trial. Specif-
ically, pulses delivered >1% but <50% of the RT period were pooled and
identified as Early RT. Pulses delivered >50% but <100% of the RT
period were pooled and identified as Late RT. Hereafter, the +250 ms
and +500 ms time points of the first experiment are referred to as Early
RT and Late RT, respectively.

In the second experiment (sequence learning), excitability changes
were only assessed at GoCue (0 ms) and Late RT time points (Fig. 2A).
Reducing the number of time points maximised the number of TMS trials
at GoCue and Late RT to ensure robust estimates of excitability. Unlike
in the first experiment, the latency of the Late RT time point was iter-
atively adjusted to correspond to 75% of the RT period, which was to
control for the progressive quickening of RT as sequence learning pro-
gressed. Specifically, in Learning blocks, the first 18 NoTMS trials were
used as a baseline to calculate 75% of the median RT, determining the
latency of the first trial on which TMS pulses would be delivered at Late
RT. Then, as sequence learning was ongoing, the value corresponding to
75% of the median RT was iteratively calculated using a sliding window
spanning the previous 18 trials, which was used to adjust the latency of
the Late RT time point. This procedure was applied throughout each
Learning block, except for the last 18 trials where no TMS pulses were
delivered. In Random blocks, an identical procedure to control the la-
tency of the Late RT time point was used, except for the first 18 trials
where TMS pulses were delivered. Namely, in the first 18 trials, TMS
pulses delivered at Late RT assumed a +500 ms latency. After the 18th
trial, this latency was iteratively adjusted by using the same procedure
as above for the whole duration of a Random block, including the last 18
trials where TMS pulses were delivered. For both the Random and
Learning blocks, the latency of the pulses delivered at GoCue was not
iteratively adjusted, as it coincided with the start of motor preparation.

A posteriori descriptive analyses confirmed that the sliding median
window procedure was successful at individualising the latency of the
Late RT time point to ~75% of the RT period. For the Left M1 group,
Late RT pulses occurred at a latency of 76.0 + 0.4% and 76.1 + 0.4% of
the RT period for the Learning and Random blocks, respectively. For the
Right M1 group, Late RT pulses occurred at RT latencies of 76.3 + 0.4
and 75.3 £ 0.4% for the Learning and Random blocks, respectively.

2.6. EMG system and transcranial magnetic stimulation

Electromyography (EMG) activity was recorded from the right and
left FDI (Fig. 1C and D and 2D-E) using a 2-channel Delsys Bagnoli
system (Delsys, Natick, USA). Importantly, the FDI is a co-agonist of the
index finger flexions required for performing button presses [32], indi-
cating its contribution to executing the present sequences. It was
reasoned that if FDI activity would increase when the index or the little
finger initiated the sequences, this would allow determining if the
observed excitability changes were specific to the finger that initiated
the sequences. Hereafter, the term “finger-specific” refers to excitability
changes observed selectively when the index or little finger initiated the
sequences. Oppositely, the term “finger-unspecific” refers to excitability
changes observed when both the index and little fingers initiated the
sequences.

The EMG data from the FDI muscles were acquired with the Signal
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software (v6.05) and a Micro 1401 analogue-to-digital converter (both
Cambridge Electronic Design, Cambridge, UK). EMG signals were
sampled at 10,000Hz for epochs of 500 ms (200 ms pre-trigger time).
The EMG data were band-pass filtered between 20 and 450Hz, with a
notch filter applied at 50Hz. The reference EMG electrode was posi-
tioned on the proximal olecranon process of the ulnar bone of the same
limb. The EMG data were analysed using an automated custom-built
MatLab script.

Neuronavigated TMS pulses were delivered over M1 through a single
figure-of-eight 70 mm Alpha Flat Coil (taped) connected to a paired-
pulse BiStim [2] stimulator (MagStim, Whitland, UK) [33]. The coil
was positioned at a 45° angle in a posterior-anterior axis over the FDI
motor hotspot. The motor hotspot was defined as the cortical area in M1
where motor-evoked potentials (MEPs) of maximal amplitude could be
reliably elicited with suprathreshold pulses in the FDI. The resting motor
threshold (RMT) was defined as the percentage (%) of maximum stim-
ulator output to induce 5 MEPs out of 10 TMS pulses of at least 50 uV of
peak-to-peak amplitude [34]. The test stimulus (TS) intensity was set to
induce MEPs of = 1 mV at rest. For each participant, the FDI motor
hotspot, the RMT, and the TS intensity were assessed at the start of the
TMS session. Brainsight (Rogue Research; Montreal, Canada) ensured
reliable coil positioning during all experimental procedures [33].

To assess CSE, single test pulses of TMS at TS intensity were deliv-
ered. To assess SICI, the conditioning pulse was set at the intensity
corresponding to 70% of the RMT [35], the inter-pulse interval was set
at 3 ms [36], and the test pulse was set at TS intensity. To confirm that
these TMS parameters could successfully induce SICI in both the left and
right Mls, 30 CSE and 30 SICI pulses were delivered at rest before
participants began the experiments. As described below, SICI was nor-
malised to CSE, resulting in a percent changes (%) indicating inhibition
when values are <100%, and generalised mixed models were used to
analyse the data. In the first experiment, SICI pulses induced inhibition
in both the Left (39.1 + 6.7%; x> = 40.71; p < 0.001) and Right M1
groups (32.1 + 4.2%; x? = 65.39; p < 0.001) as compared to CSE pulses
(100%). Similarly, in the second experiment, SICI pulses induced inhi-
bition in both the Left (39.4 + 6.2%; y* = 40.71; p < 0.001) and Right
M1 groups (44.7 + 8.5%; x2 = 42.10; p < 0.001) as compared to CSE
pulses (100%). For both experiments, this confirms that SICI was reli-
ably induced at rest in both the contralateral and ipsilateral M1s.

2.7. Number of TMS trials per condition

In both experiments, a total of 24 TMS trials were delivered for each
TMS variable (CSE, SICI) and time point, except for the second experi-
ment (sequence learning) where a total of 30 TMS trials for each TMS
variable were delivered at Late RT. Recording a total of 24 TMS trials per
time point provides a robust estimation of SICI and CSE [37,38].
Recording a total of 30 TMS trials at Late RT in the second experiment
was to compensate for the added variability in RTs as sequence learning
was ongoing, which was expected to result in more trial rejection at that
time point. Overall, for both experiments, approximately 21 valid TMS
trials were included on average for each TMS variable and time point,
suggesting robust estimations of CSE and SICI [37,38]. See Supple-
mentary Table 1 for a complete report of the final number of valid TMS
trials included in the analyses.

2.8. Dependent variables

In both experiments, RT was defined as the time difference in ms
between GoCue onset and the first finger press. Movement time (MT)
was defined as the time difference in ms between the first and last finger
press. Accuracy was defined as the correct sequence execution within
the allowed 1750 msec execution time and was measured as a binary
variable (1 = success, 0 = failure). To evaluate CSE, MEP peak-to-peak
amplitudes induced by single test pulses were calculated as (non-nor-
malised) values in mV for each time point. To evaluate SICI, the MEP
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peak-to-peak amplitudes induced by the SICI test pulses were first
calculated for each time point. Then, these individual SICI trials were
normalised as a percentage (%) of their corresponding average CSE.

2.9. Number of TMS trials per condition, trial rejection and data
preparation for analyses

In both experiments, RTs below 150 ms were rejected to avoid
including trials with premature responses. To prevent the contamination
of muscle pre-activation on MEP amplitudes, trials where EMG activity
with a root mean square exceeding 100 pV in the 50 ms before the TMS
pulse was delivered were rejected (similar to Smith et al., 2019 [39] and
Dupont-Hadwen et al., 2019 [12]). The rationale for using a 100 pV
threshold was to maximise the number of valid TMS trials per condition,
as including too few TMS trials can give rise to unreliable excitability
estimates [37,38]. Additional control analyses — conducted a posteriori —
showed that implementing a stringent 10 pV threshold (to significantly
reduce the potential influence of pre-TMS muscle activation on the
findings) did not qualitatively alter the present pattern of CSE and SICI
results (see Supplementary Figs. 2-10). Furthermore, the visual in-
spection of the average EMG traces of CSE and SICI trials for both the
Left and Right M1 groups also supports this contention (see Supple-
mentary Figs. 11-14). Importantly, TMS pulses that were delivered with
a latency >100% of the RT were rejected, since TMS pulses would then
be delivered during execution (outside of motor preparation). In the
second experiment only, TMS pulses delivered at Late RT with a latency
of <50% of the RT were also rejected. This was to ensure that only trials
delivered in the second half (>50% but <100%) of the RT period were
included at Late RT.

To evaluate the effects of TMS pulses on behaviour during the first
experiment (motor preparation), the RT and MT data were normalised to
the NoTMS trials. Specifically, RT and MT data of individual trials were
divided by the average RT and MT from the NoTMS trials, therefore
resulting in a trial-per-trial percent (%) change. This was performed
separately for each participant. The binomial variable Accuracy could
not be normalised to the average of NoTMS trials because divisions by
zero are impossible. Specifically, the mean Accuracy from CSE and SICI
trials was directly compared to that of NoTMS trials.

To evaluate changes in behavioural and TMS data during the second
experiment (sequence learning), data from each Learning and Random
block were split into an early (first 66 trials) and late phase (last 66
trials; Fig. 2B and C). This trial separation was to ensure enough valid
TMS trials (at least 21) for each phase, therefore providing robust esti-
mates of CSE and SICI as sequence learning progressed [37,38]. In the
second experiment, all the RT, MT, Accuracy, CSE and SICI data were
pooled into an Early and Late phase.

2.10. Statistical analyses

In both experiments, generalised mixed models [40,41] with a
gamma distribution to account for the positive continuous skewness of
RT, MT, CSE, and SICI data were conducted [42]. To analyse the bino-
mial Accuracy data, generalised mixed models with a binomial distri-
bution were conducted. For each model, the maximally complex random
effect structure (random intercepts for Participants and random slopes
for all of the fixed effects and interactions) that minimised the Akaike
Information Criterion value was chosen to analyse the data [43].

In the first experiment (motor preparation), the fixed effects to
analyse the behavioural data were 5 Time Points (—500 ms, —250 ms, 0
ms, Early RT, Late RT) * 3 TMS Pulse Types (NoTMS, CSE, SICI). The
fixed effects to analyse the TMS data were 5 Time Points (—500 ms,
—250 ms, 0 ms, Early RT, Late RT) * 2 Initiating Fingers (Index, Little),
where CSE and SICI data were analysed separately. In the second
experiment (sequence learning), the fixed effects to analyse the behav-
ioural data were 2 Blocks (Random, Learning) * 2 Phases (Early, Late) *
3 TMS Pulse Types (NoTMS, CSE, SICI). The fixed effects to analyse the
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TMS data were 2 Blocks (Random, Learning) * 2 Phases (Early, Late) * 2
Time Points (GoCue, Late RT) * 2 Initiating Fingers (Index, Little), where
CSE and SICI data were analysed separately.

For all analyses, p-values below 0.05 were determined as statistically
significant. The Benjamini-Hochberg (1995) correction was used to
correct p values for multiple comparisons [44]. As mentioned above, the
mean + 95% CIs were used to report statistics throughout. All analyses
were conducted in JAMOVI (version 2.3.16) [45].

2.11. Data availability statement

All data are freely available at the following URL: https://osf.io/t
c3dx/

3. Results - first experiment (motor preparation)

3.1. Motor preparation: finger-specific CSE increases selective to the
contralateral M1

For the Left M1 group (i.e., task-relevant FDI), the CSE data (Fig. 3A)
revealed a Time Points * Initiating Fingers interaction (XZ =2258,p <
0.001), which was decomposed by conducting simple effects of Time
Points (—500 ms, —250 ms, GoCue, Early RT, Late RT) at each level of
Initiating Fingers (Index, Little). When the right Index finger initiated
the sequences, CSE increased at Late RT as compared to all the other
time points (all p < 0.001). When the right Little finger initiated the
sequences, CSE decreased at Late RT as compared to all the other time
points (all p < 0.001). This shows that as movement onset approached,
CSE in projections to the right FDI increased when initiating the se-
quences with the right index finger, whereas CSE decreased when initi-
ating the sequences with the right little finger.

For the Right M1 group (i.e., task-irrelevant FDI), the CSE data
(Fig. 3C) also revealed a Time Points * Initiating Fingers interaction (Xz
= 22.29, p < 0.001), which was decomposed as above. When the Index
finger initiated the sequences, CSE did not change at Late RT as
compared to all the other time points (all p > 0.627). However, when the
Little finger initiated the sequences, CSE decreased at Late RT as
compared to all the other time points (all p < 0.002). This shows that as
movement onset approached, CSE in projections to the left FDI did not
change when initiating the sequences with the right (homologous) index
finger, whereas CSE decreased when initiating the sequences with the
right little finger.

Altogether, these results suggest that movement-onset-related CSE
increases in the FDI are specific to the contralateral M1 during the
preparation of sequences initiated by the right index finger. Moreover,
the results suggest that movement-onset-related CSE decreases in the FDI
occur in bilateral M1s during the preparation of sequences initiated by
the right little finger.

3.2. Motor preparation: finger-specific SICI decreases in bilateral M1s

For the Left M1 group (i.e., task-relevant FDI), the SICI data (Fig. 3B)
revealed a Time Points * Initiating Fingers interaction (X2 =135.95,p <
0.001), which was decomposed as above. When the Index finger initi-
ated the sequences, SICI decreased at Late RT as compared to all the
other time points (all p < 0.001). When the Little finger initiated the
sequences, SICI increased at Late RT as compared to all the other time
points (all p < 0.002). This shows that as movement onset approached,
SICI in the cortical representation of the right FDI muscle decreased
when initiating the sequences with the right index finger, whereas SICI
increased when initiating the sequences with the right little finger.

For the Right M1 group (i.e., task-irrelevant FDI), the SICI data
(Fig. 3D) revealed a Time Points * Initiating Fingers interaction (Xz =
13.40, p = 0.010), which was also decomposed as above. When the
Index finger initiated the sequences, SICI decreased at Late RT as
compared to all the other time points (all p < 0.008). When the Little
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vs Little) of the right hand that initiated the sequences. (A) Left M1 group — CSE increased in the right FDI when the right Index initiated the sequences but decreased
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within-subject 95% CIs are shown. The asterisks (*) denote significant differences between the GoCue and Late RT time points (p < 0.05). To enhance clarity and
maintain consistency with the time points of the second experiment, only the differences between GoCue and Late RT are identified above.

finger initiated the sequences, SICI did not change at Late RT as
compared to all the other time points (all p > 0.847). This shows that as
movement onset approached, SICI in the cortical representation of the
left FDI muscle decreased when initiating the sequences with the right
(homologous) index finger, whereas SICI did not change when initiating
the sequences with the right little finger.

Altogether, these results suggest that movement-onset-related SICI
decreases in the FDI occur in bilateral M1s during the preparation of
sequences initiated by the right index finger. Furthermore, this also
suggests that information about finger-specificity is shared between the
contralateral and ipsilateral M1s. As apparent in Fig. 3B-D, it should be
noted that the magnitude of the SICI decreases at Late RT in the Right
M1 (~50%) was approximately half of those in the Left M1 (~100%).
Finally, the results also suggest that movement-onset-related SICI in-
creases in the right FDI are selective to the contralateral M1 when
initiating the sequences with the right little finger.

3.3. Motor preparation: effects of TMS over the contralateral and
ipsilateral M1s on sequence performance

For full details on how TMS pulses over the contralateral and ipsi-
lateral M1s during preparation altered the RT, MT, and Accuracy of the
right hand as compared to NoTMS trials, see the Supplementary Results
and Supplementary Fig. 1. Briefly, in both the Left M1 and Right M1
groups, TMS pulses quickened RTs to a similar extent when delivered
during the foreperiod (—500 ms, —250 ms) and at the onset of motor
preparation (0 ms), and also similarly slowed RTs when delivered during
preparation (Early RT). In contrast, TMS pulses delivered late during
motor preparation (Late RT) slowed MTs and decreased Accuracy, but
only in the Left M1 group. Overall, this suggests that the processes of
motor preparation are similarly altered by TMS pulses over bilateral
M1s, whereas the processes of motor execution are selectively disrupted
by TMS pulses over the contralateral M1.

3.4. Control analyses: pre-stimulus EMG levels selectively increased in the
right FDI at late RT

As movement onset approaches, pre-stimulus EMG levels in task-
relevant muscles (i.e., right FDI) are bound to rise [46]. As such, one
possibility is that any measurement of CSE and SICI - taken from
task-relevant muscles and close to movement onset (i.e., Late RT) —
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would be confounded by increases in pre-stimulus EMG levels. To
investigate this, additional control analyses were conducted on the
pre-stimulus EMG levels of both CSE and SICI trials and for both the Left
M1 (i.e., task-relevant FDI) and Right M1 groups (i.e., task-irrelevant
FDI; see Supplementary Results for details). This was done for both ex-
periments. Briefly, the results revealed that pre-stimulus EMG levels
remained stable at ~7.5 pV until they increased to ~17.5 pV at Late RT
in the Left M1 group, whilst in the Right M1 group they remained stable
at ~2 pV (Supplementary Figs. 2, 3, and 4). Since the pre-stimulus EMG
level increases were unilateral but given that the SICI decreases at Late
RT were bilateral, these control analyses suggest that unilateral in-
creases in pre-stimulus EMG levels cannot fully account for the bilateral
SICI decreases observed. A visual inspection of the average EMG traces
per TMS variable (CSE, SICI), Time Points and Initiating Fingers also
supports this conclusion (Supplementary Figs. 11-14).

3.5. Control analyses: implementing a more stringent data rejection
threshold (10 uV rather than 100 uV) did not alter the CSE and SICI
changes during motor preparation

To ensure that the present 100 pV data rejection threshold did not
confound the results, the analyses performed on CSE and SICI trials were
reconducted using a more stringent 10 pV threshold. First, it was
assessed how the pre-stimulus EMG levels changed upon implementing
the new 10 pV threshold. Briefly, the pre-stimulus EMG levels at Late RT
successfully decreased from ~17.5 pV (100 pV threshold; Supplemen-
tary Fig. 2) to < 3.5 pV for both experiments (10 pV threshold; Sup-
plementary Figs. 5, 6, and 7). Second, it was assessed if implementing
the new 10 pV altered the CSE and SICI changes within both groups. The
results showed that implementing a more stringent threshold to reject
data (10 pV instead of 100 pV) did not qualitatively alter the pattern of
CSE and SICI results presented in Figs. 3, 5 and 6 (see Supplementary
Figs. 8, 9, and 10), suggesting that the present CSE and SICI responses
are not confounded by excessive pre-stimulus EMG levels. However, as
there was still a small, but significant, increase in EMG levels at Late RT,
the possibility that this did not confound the Left M1 groups’ CSE and
SICI results cannot be fully ruled out.
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3.6. Control analyses: the bilateral SICI decreases were also apparent in
non-normalised data

In this work, the SICI data were normalised to CSE data and reported
as percent (%) changes. Since this method of normalising effectively
represents a ratio, one possibility is that any change in either the
numerator (MEP amplitude on SICI trials) or denominator (MEP
amplitude on CSE trials) could give rise to a change in normalised (%)
SICI data. Additional control analyses were conducted on the non-
normalised SICI data (in mV) to investigate if normalising SICI to the
CSE data confounded the present SICI results. The results revealed that
non-normalised SICI also decreased at Late RT as compared to GoCue in
both the Left and Right M1 groups, and selectively when the Index finger
initiated the sequences (Supplementary Fig. 15). As this directly repli-
cates the bilateral SICI decreases presented in Fig. 3, these results sug-
gest that CSE changes during preparation did not confound the present
normalised SICI responses. As above, a visual inspection of the average
EMG traces per TMS variable (CSE, SICI), Time Points and Initiating
Fingers also supports this conclusion (Supplementary Figs. 11-14).

4. Results - second experiment (sequence learning)

4.1. Sequence learning: RTs quickened in Learning but not in Random
blocks

For the Left M1 group, the RT data (Fig. 4A) selectively revealed a
Blocks * Phases (3> = 12.39; p < 0.001), which was decomposed by
conducting simple effects of Phases (Early, Late) separately at each level
of Blocks (Random, Learning). See Supplementary Table 3 for a com-
plete report of all results. In the Learning blocks, RTs quickened from the
Early to Late phase (X2 =15.14; p < 0.001), but not in Random ones (XZ
= 0.58; p = 0.445). This confirms the presence of sequence learning in
the Left M1 group. This also suggests that delivering TMS pulses over the
contralateral M1 did not alter sequence learning.

For the Right M1 group, the RT data (Fig. 4B) revealed a Blocks *
Phases (x> = 56.57; p < 0.001) and Blocks * TMS Pulse Types in-
teractions (XZ = 6.17, p = 0.046). See Supplementary Table 4 for a
complete report of all results. As for the Left M1 group, RTs quickened
from the Early to Late phase in the Learning blocks (x? = 52.50, p <
0.001), but not in the Random ones (xz =0.17, p = 0.677). Moreover,
the Blocks * TMS Pulse Types interaction revealed that, in both Random
(3% = 13.40, p = 0.001) and Learning blocks (3> = 51.63, p < 0.001),
both CSE (both p < 0.009) and SICI pulses (both p < 0.001) quickened
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RTs as compared to NoTMS. This confirms the presence of sequence
learning in the Right M1 group, and suggests that TMS pulses over the
ipsilateral M1 during motor preparation can enhance the RT quickening
during sequence learning (similar to Ref. [20]).

4.2. Sequence learning: MTs quickened in Learning blocks, but Accuracy
did not change

For full details of the MT and Accuracy results, see the Supplemen-
tary Results, Supplementary Tables 5-8, and Supplementary Fig. 16.
Briefly, for both the Left and Right M1 groups, MTs quickened in the
Learning blocks, suggesting that sequence learning did not solely
quicken RTs. However, in both groups, Accuracy did not change as
sequence learning progressed, suggesting that the RT and MT im-
provements were not accompanied by changes in accuracy. As in the
first experiment, TMS pulses over the contralateral M1, but not the
ipsilateral M1, slowed MTs and decreased accuracy as compared to
NoTMS trials.

4.3. Motor preparation: finger-specific CSE increases selective to the
contralateral M1

For the Left M1 group (i.e., task-relevant FDI), the CSE data revealed
a Block * Time Points * Initiating Fingers interaction (x* = 26.08; p <
0.001; Fig. 5A), which was decomposed by conducting simple effects of
Time Points (GoCue, Late RT) at each level of Blocks (Random,
Learning) and Initiating Fingers (Index, Little). See Supplementary
Table 9 for a complete report of all results. When the right Index finger
initiated the sequences, CSE increased from GoCue to Late RT in both the
Random (y? = 49.71, p < 0.001) and Learning blocks (y> = 29.61, p <
0.001). When the right Little finger initiated the sequences, the results
revealed that CSE decreased from GoCue to Late RT in the Random blocks
(X2 =24.27, p < 0.001), but not in Learning ones (Xz < 0.01,p =0.993).
These results replicate the finger-specific CSE responses observed in the
Left M1 group of the first experiment (Random blocks).

For the Right M1 group (i.e., task-irrelevant FDI), the CSE data also
revealed a Blocks * Time Points * Initiating Fingers interaction (Xz =
3.82; p = 0.051; Fig. 5C), which was decomposed as above. See Sup-
plementary Table 10 for a complete report of all results. When the right
Index finger initiated the sequences, CSE did not increase from GoCue to
Late RT in both the Random (XZ = 0.39; p = 0.531) and Learning blocks
(x? = 0.62; p = 0.431). When the right Little finger initiated the se-
quences, CSE decreased from GoCue to Late RT in the Random (Xz =
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Fig. 4. RT data as sequence learning with the right hand progressed. (A) Left M1 group — RTs quickened in the Learning blocks (repeating sequences) but not in
the Random ones (pseudorandomised sequences). (B) Right M1 group — RTs quickened in the Learning blocks but not in the Random ones. Overall, this confirms the
presence of sequence learning in both the Left M1 and Right M1 groups. Moreover, as compared to NoTMS trials, delivering TMS pulses to the contralateral M1 did
not prevent sequence learning, but delivering TMS pulses to the ipsilateral M1 quickened RTs (not shown in Fig. 4). For all panels, the mean and within-subject 95%
CIs are shown (either as shaded or whisker error bars). The asterisks (*) denote significant differences (p < 0.05). “Rnd” means Random (pseudorando-

mised sequences).
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both Random and Learning blocks. (D) Right M1 group — SICI increased in the left FDI at GoCue from the Early to Late phase in Learning blocks only. Also, SICI
decreased at Late RT from the Early to Late phase in Learning blocks only. For all panels, the mean and within-subject 95% CIs are shown. Asterisks (*) denote
significant differences between the Early and Late phases (p < 0.05).

24.13; p < 0.001) and Learning blocks (y* = 4.45; p = 0.058). As for the the Random (y? = 40.16, p < 0.001) and Learning blocks (3 = 55.07, p

Left M1 group, these results also replicate the finger-specific CSE re- < 0.001). When the right Little finger initiated the sequences, SICI
sponses observed in the Right M1 group of the first experiment (Random increased from GoCue to Late RT in the Random blocks (y* = 9.72, p =
blocks). 0.002), but not in Learning ones (X2 = 0.31, p = 0.576). Overall, these

results replicate the finger-specific SICI responses observed in the Left

M1 group of the first experiment (Random blocks).
4.4. Motor preparation: finger-specific SICI decreases in bilateral M1s For the Right M1 group (i.e., task-irrelevant FDI), the SICI data
revealed a Time Points * Initiating Fingers interaction (X =16.29;p <
0.001; Fig. 5D), which was decomposed by conducting simple effects of
Time Points (GoCue, Late RT) at each level of Initiating Fingers (Index,
Little). See Supplementary Table 12 for a complete report of all results.
When the Index finger initiated the sequences, SICI decreased from

For the Left M1 group (i.e., task-relevant FDI), the SICI data revealed
a Blocks * Time Points * Initiating Fingers interaction (3> = 6.37, p =
0.012; Fig. 5B), which was decomposed as above. See Supplementary
Table 11 for a complete report of all results. When the right Index finger
initiated the sequences, SICI decreased from GoCue to Late RT in both
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GoCue to Late RT (32 = 0.31, p = 0.576). When the Little finger initiated
the sequences, SICI did not change from GoCue to Late RT (y? = 1.18; p
= 0.278). Note that data in Fig. 5D were further separated by Random
and Learning blocks to maintain visual consistency with the other
panels. Overall, these results replicate the finger-specific SICI responses
observed in the Right M1 group of the first experiment (Random blocks).
Finally, as apparent in Fig. 5B-D, it should be noted that the magnitude
of the SICI decreases at Late RT in the Right M1 (~70%) was smaller
than those observed in the Left M1 (~105%).

4.5. Sequence learning: CSE was not altered in the contralateral or
ipsilateral M1s

For the Left M1 group (i.e., task-relevant FDI), the CSE data revealed
no Blocks * Time Points * Phases interaction (X2 = 1.92; p = 0.166;
Fig. 6A), suggesting that CSE in projections to the right FDI was not
altered as sequence learning progressed in the right hand. Similarly, for
the Right M1 group (i.e., task-irrelevant FDI), the CSE data also revealed
no Blocks * Time Points * Phases (X2 = 2.65; p = 0.103; Fig. 6C), sug-
gesting that CSE in projections to the left FDI was also not altered as
sequence learning progressed in the right hand. See Supplementary
Tables 9 and 10 for a complete report of all results. Overall, this shows
that sequence learning with the right hand did not alter CSE in both the
contralateral and ipsilateral M1s (i.e., in both task-relevant and task-
irrelevant FDI).

4.6. Sequence learning: SICI decreased in the contralateral M1 whilst
increasing in the ipsilateral M1 at GoCue

For the Left M1 group (i.e., task-relevant FDI), the SICI data revealed
a Blocks * Time Points * Phases interaction (X2 = 3.94, p = 0.047;
Fig. 6B), which was decomposed by conducting simple effects of Phases
(Early, Late) at each level of Blocks (Random, Learning) and Time Points
(GoCue, Late RT). The Random blocks revealed that SICI did not change
from the Early to Late phase at both GoCue (XZ = 0.30, p = 0.583) and
Late RT (32 = 0.04, p = 0.840). However, the Learning blocks revealed
that SICI decreased from the Early to Late phase when measured at
GoCue (X2 =7.56, p = 0.001), but not at Late RT (X2 =2.35,p=0.125).
This shows that sequence learning with the right hand decreased SICI in
the cortical representation of the right FDI, but at the onset of motor
preparation only. The results also show that SICI did not change in the
Random blocks, suggesting learning-specificity. Finally, the results also
show that SICI decreased both when the index and little fingers initiated
the sequences, suggesting that sequence learning decreased SICI in a
finger-unspecific manner.

For the Right M1 group (i.e., task-irrelevant FDI), the SICI data also
revealed a Blocks * Time Points * Phases interaction (Xz =8.89;p =
0.003; Fig. 6D), which was decomposed as above. The Random blocks
revealed that SICI did not change from the Early to Late phase at both
GoCue (x2 = 0.05, p = 0.825) and Late RT (y? = 3.11, p = 0.156).
However, the Learning blocks revealed that SICI increased from the Early
to Late phase at GoCue (X2 = 5.30, p = 0.021), but that SICI decreased at
Late RT (32 = 4.60, p = 0.032). See Supplementary Tables 11 and 12 for
a complete report of all results. This shows that sequence learning with
the right hand altered SICI in the cortical representation of the left FDI.
Unlike for the Left M1 group, this shows that SICI increased at GoCue but
decreased at Late RT, suggesting that the SICI responses in the ipsilateral
M1 were present both at the onset of, and during, motor preparation. As
for the Left M1 group, the results show that these SICI responses were
learning-specific, and finger-unspecific.

Altogether, these results suggest that sequence learning with the
right hand decreased SICI in the contralateral M1 whilst it increased SICI
in the ipsilateral M1. Moreover, the finding that these SICI responses
were observed in both M1s at GoCue, but not at Late RT, suggests that
bilateral M1s predominantly alter their tonic baseline SICI levels, rather
than the SICI decreases observed during motor preparation per se

357

Brain Stimulation 17 (2024) 349-361

(Fig. 3B-D). However, the presence of bidirectional SICI responses
during motor preparation cannot be ruled out, as SICI decreased at Late
RT in the ipsilateral M1, but also tended to increase in the contralateral
M1 (p = 0.125).

5. Discussion

The two experiments reported here were designed to test two hy-
potheses: that SICI in M1 would decrease bilaterally during the unilat-
eral preparation of sequence movements, and that sequence learning
would alter these bilateral SICI responses. To this end, ppTMS was
delivered over the left and right M1 to assess SICI in the right and left FDI
muscles, respectively, as participants prepared to initiate sequences with
the right index and little fingers. As movement onset approached, SICI
decreased bilaterally but selectively when the right index finger initiated
the sequences (Fig. 3, also shown in summary Fig. 7). These results were
replicated in the second experiment (Fig. 5) and suggest that SICI de-
creases in bilateral Mls reflect the preparation of unilateral finger-
specific motor commands. Conversely, as sequence learning with the
right hand progressed, SICI decreased in the contralateral M1 whilst it
increased in the ipsilateral M1 (Fig. 6, also shown in summary Fig. 8).
These bilateral and bidirectional SICI responses were learning-specific
and observed at the start of the preparation period (i.e., GoCue), sug-
gesting that sequence learning predominantly altered baseline SICI
levels rather than the SICI decreases occurring during motor preparation
per se. Overall, one possibility is that bilateral changes in SICI levels
reflect at least two motor processes; the acute SICI decreases as move-
ment onset approaches could support the preparation of motor com-
mands, whereas bidirectional baseline shifts of tonic SICI levels could
underpin motor sequence learning.

5.1. Bilateral decreases of SICI during unilateral motor preparation

One novel finding is that SICI decreased in bilateral FDI muscles
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despite sequences being selectively initiated by the right index finger
(Fig. 3B-D and 5B-D, also shown in summary Fig. 7B), suggesting that
the preparation of unilateral finger-specific motor commands generates
SICI decreases in bilateral M1s. Interestingly, additional analyses
revealed that the SICI decreases were also apparent in the non-
normalised SICI data (assessed as mV; see Supplementary Fig. 9), sug-
gesting that the present bilateral SICI decreases were not driven by in-
creases in CSE. Moreover, the SICI decreases measured before movement
onset were of greater amplitude in the contralateral M1 (~100%) than
in the ipsilateral M1 (~50-70%), suggesting a greater contribution from
the contralateral M1 to motor preparation (see Chen et al. (1997) [47]
for similar results). Nonetheless, the finding that motor preparation re-
cruits bilateral M1s echoes but also extends previous TMS studies by
suggesting that the previously reported CSE increases during prepara-
tion [6,26] originate — at least partly — from SICI decreases in bilateral
Mls.

The bilaterality of the present SICI decreases, despite the CSE in-
creases and movements being unilateral, generates interesting implica-
tions. Namely, SICI is considered to reflect local type A gamma-
aminobutyric (GABAp)-mediated inhibition in M1, As such, one pos-
sibility is that preparing unilateral motor commands involves a
synchronised cross-hemispheric decrease of local GABAx-mediated in-
hibition in M1 that is irrespective of changes in CSE. One open question
is whether the ipsilateral M1 reflects a copy of the motor commands
encoded in the contralateral M1, or if bilateral M1s separately encode
distinct motor command parameters [27,47]. Nonetheless, another hint
at a cross-hemispheric synchronisation comes from the result that
bilateral M1s decreased SICI specifically when the right index finger
initiated the sequences. This finding is noteworthy, as it suggests that
some parameters of a unilateral motor command are shared between the
contralateral and ipsilateral M1s, making it unlikely that the bilateral
SICI decreases represent a generalised preparatory state that is not
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directly related to motor execution (for further discussion, see
Ref. [13]). Anatomically, such a joint bilateral decrease in SICI could be
enabled by homotopic interhemispheric connections between bilateral
Mls [48,49], long-range projection GABAergic interneurons [50], or
could originate from motor areas upstream of M1 [51,52]. Although the
exact process by which SICI jointly decreases in bilateral M1s during
unilateral motor preparation remains unclear, the second experiment
replicated this finding in different groups of participants (Fig. 5B-D).
Thus, one interpretation is that the present bilateral SICI decreases
reflect a robust neural process of motor preparation.

An alternative interpretation is that bilateral SICI decreases reflect
disinhibitory mechanisms required for motor execution [53,54]. In
support, previous work showed CSE increases [27,55] and functional
activity increases in bilateral M1s [56-58] during motor execution,
suggesting that execution recruits bilateral M1s [27]. Anatomically,
bilateral M1s could contribute to unilateral motor execution through
contralateral and ipsilateral corticospinal projections [27]. However,
here, CSE increased selectively in the contralateral M1 when the index
finger initiated the sequences (Fig. 3A, also shown in summary Fig. 7A),
suggesting that ipsilateral corticospinal projections were not recruited
(but opposing previous work [26]). Moreover, as SICI is believed to
reflect activity in local intracortical inhibitory circuits [14], the present
bilateral SICI decreases are unlikely to reflect the recruitment of bilat-
eral corticospinal projections. Another hint that preparation could be
bilateral but execution could be contralateral comes from the present
behavioural results (Supplementary Fig. 1). Namely, TMS over both the
contralateral and ipsilateral M1s quickened RT to a similar extent when
pulses were delivered during the foreperiod and at the onset of motor
preparation, and similarly slowed RT when pulses were delivered early
during motor preparation. The similarity of these behavioural responses
suggests that bilateral M1s similarly contribute to motor preparation
processes, although other explanations such as intersensory facilitation
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cannot be ruled out [59,60]. Nonetheless, TMS pulses delivered late
during preparation over the contralateral — but not the ipsilateral — M1
slowed MT and decreased accuracy, suggesting that motor execution
processes are contralateralised. Based on this evidence, one possibility is
that the present SICI responses — because of their bilaterality — primarily
reflect motor preparation processes, as execution could be expected to
depend upon contralateralised processes. Future studies using motor
imagery [61] should be able to confirm this interpretation.

It should be noted that the present results do not fully replicate our
previous work [13]. Namely, our previous work showed that SICI
decreased when both the right index and little fingers initiated the se-
quences, suggesting finger-unspecificity. In contrast, the present results
show that SICI decreased selectively when the right index finger initi-
ated the sequences, rather suggesting finger-specificity. However, our
previous work used monetary rewards to incentivise motor perfor-
mance, which also caused SICI to decrease in a finger-unspecific manner.
Therefore, one possibility is that delivering monetary rewards caused
finger-specific SICI responses to become finger-unspecific. Nonetheless,
in both these studies, the SICI responses were selectively recorded from
the FDI muscle, making it unclear how the claims of finger-specificity
would extend beyond the index finger.

5.2. Contralateral decrease — then ipsilateral increase — of baseline SICI
levels during sequence learning

A key finding is that SICI decreased in the contralateral M1 whilst
SICI increased in the ipsilateral M1 as sequence learning progressed
from the early to late phase (Fig. 6B-D, also shown in summary Fig. 8B).
Moreover, these SICI responses were absent when sequence learning was
prevented, suggesting learning-specificity. One possibility is that bilat-
eral M1s cooperatively contribute to sequence learning by bidirection-
ally decreasing SICI at different phases of learning.

This finding aligns with mounting evidence suggesting that bilateral
M1s cooperate, rather than compete, to support unilateral motor func-
tions [27,55]. One implication of the finding that sequence learning
altered bilateral SICI - but not CSE (Fig. 6A-C, also shown in summary
Fig. 8A) — is that such cooperation originates from intracortical rather
than corticospinal circuits. Moreover, the bidirectional pattern of SICI
responses in bilateral M1s suggests that sequence learning induces
functional changes across both hemispheres. One open question is
whether the ipsilateral M1 acts to support the induction of
learning-related plasticity in the contralateral M1, or whether the site of
plasticity actively shifts from the ipsilateral to the contralateral M1 as
sequence learning progresses. Interestingly, emerging evidence supports
the latter scenario by arguing that momentary decreases in intracortical
inhibition are critical to enabling learning-related plasticity in neocor-
tical areas [62,63]. As such, one possibility is that the present bilateral
SICI decreases reflect a shift from learning-related plasticity from the
ipsilateral M1 to the contralateral M1 as learning progresses. In further
support, the contralateral M1 has been shown to causally contribute to
late, but not early, phases of various motor learning paradigms [64-66].
However, this support is only partial as it remains unknown if the ipsi-
lateral M1 causally contributes to early or late (or both) phases of motor
learning [19-22,25]. Nonetheless, the finding that SICI decreased in the
contralateral M1 is largely consistent with neuroimaging studies
showing that GABA concentrations decrease in the left M1 as sequence
learning of the right hand progresses [67,68]. Thus, one possibility is
that decreases of GABAergic-mediated SICI in the contralateral M1 occur
late during sequence learning, presumably to facilitate the induction of
learning-related plasticity [62,63]. Whether this interpretation would
also account for the SICI decreases observed in the ipsilateral M1 early
during sequence learning remains unclear. Finally, to ascertain the
causal contribution of the present bilateral SICI responses to sequence
learning, future work could deliver trains of subthreshold TMS pulses
[69] to disrupt these SICI responses as sequence learning progresses.
Investigating how this would alter motor memory consolidation also
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remains a query for future work.

An interesting finding is that these bilateral SICI responses were
observed selectively at the onset of motor preparation (i.e., GoCue;
Fig. 6B-D, also shown in summary Fig. 8B), suggesting that sequence
learning predominantly altered baseline SICI levels, rather than the
bilateral SICI decreases observed during motor preparation per se.
Although this interpretation aligns with previous ppTMS work showing
that motor learning alters resting SICI levels [15,16], SICI also decreased
in the ipsilateral M1 whilst SICI tended to increase in the contralateral
M1 (p = 0.125) when measured late during preparation (i.e., Late RT;
not shown in Fig. 8B). This suggests that sequence learning could also
alter the bilateral SICI decreases observed during preparation, which
merits further investigation. Another interesting finding is that the
bilateral SICI responses during sequence learning did not depend upon
which finger initiated the sequences, contrasting with the finger-specific
SICI decreases observed during movement preparation (Figs. 3 and 5).
One possibility is that movement preparation entails an acute release of
SICI, whereas baseline SICI levels would need to decrease for a longer
period to enable the induction of learning-related neuroplasticity (see
Ref. [62]). Despite remaining hypothetical, such prolonged changes in
inhibition could obscure finger-specific SICI responses, effectively
manifesting as SICI responses that do not depend upon which finger
initiated the sequences. Future work should ascertain the validity of this
interpretation. Nevertheless, when considering all the findings in this
work, one novel implication is that dynamic changes in bilateral SICI
levels contribute to at least two motor processes; an acute decrease of
inhibition during motor preparation, and a cooperative but bidirectional
shift of baseline inhibition levels as sequence learning progresses. Future
work should seek to confirm this.

5.3. Limitations

Here, bilateral CSE and SICI responses were evaluated in separate
groups of participants, making it unclear if excitability changes in the
ipsilateral M1 correlate to those of the contralateral M1. Future work
could assess this by simultaneously evaluating bilateral CSE and SICI
using a double-coil TMS paradigm [70,71]. Furthermore, sequence
learning extends outside of M1 [72,73], making it unclear how SICI
would be altered in other brain areas as sequence learning progresses.
Future work could evaluate M1-M1 [55] and/or dorsal premotor cortex
(PMd)-M1 [74] corticocortical connectivity using dual-coil TMS [75] as
well as combining TMS with electroencephalography (EEG) [76] or
magnetic resonance imaging (MRI) [77] to address this. Also, it should
be noted that excitability changes such as measured by CSE and SICI are
unlikely to be the sole processes of motor preparation. To provide a
broader understanding of motor preparation processes, future work
could also relate CSE and SICI changes to EEG- [9] and MRI-derived [4]
measures of motor preparation.

Another aspect that merits attention is the extent to which increases
in EMG activity could have confounded the TMS measures taken from
the right (task-relevant) FDI muscle in the Left M1 groups as movement
onset approaches (Late RT) [6,12,13]. Here, initiating sequences with
the right (task-relevant) index increased EMG activity from ~7.5 pV at
GoCue to ~17.5 pV at Late RT in the Left M1 groups, whereas EMG
activity remained at ~2 pV in the Right M1 groups during preparation
(Supplementary Figs. 2, 3, and 4). However, SICI decreased in bilateral
M1s, and sequence learning altered bilateral SICI at GoCue but not Late
RT, suggesting that such unilateral increases in EMG activity at Late RT
cannot fully account for these bilateral results. Nevertheless, these EMG
activity increases could have confounded the results from the Left M1
groups. To investigate this, a stringent 10 pV rejection threshold was
implemented before re-analysing all TMS results. Expectedly, this cri-
terion mostly affected the trials where the right (task-relevant) index
finger initiated the sequences in the Left M1 groups (see Supplementary
Results). Whilst the 10 pV threshold importantly attenuated the EMG
activity increases, it did not fully abolish them as EMG increased from
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~3.0 pV at GoCue to ~3.5 pV at Late RT (Supplementary Figs. 5, 6, and
7). Although the results from the Left M1 groups directly replicate
previous work on motor preparation [11-13], the extent to which such
EMG activity increases may have confounded the present CSE increases
and SICI decreases at Late RT in the Left M1 groups remains unclear.
Implementing the 10 pV threshold did neither alter the bilateral SICI
decreases during motor preparation nor the bidirectional SICI changes
during sequence learning in bilateral M1s (Supplementary Figs. 8, 9, and
10), suggesting that the 10 pV threshold also did not alter the CSE and
SICI results observed during sequence learning. Future studies on motor
preparation should clarify how EMG activity increases — however small —
in task-relevant muscles confound CSE and SICI estimates as movement
onset approaches.

5.4. Conclusion

The present results suggest that bilateral Mls concomitantly
decrease SICI during unilateral motor preparation and that they coop-
erate to bidirectionally alter baseline SICI levels during motor sequence
learning. One possibility is that SICI levels acutely decrease to support
motor preparation of various tasks [11-13], and tonically shift to sup-
port motor sequence learning.
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