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Abstract
Human corticospinal excitability (CSE) modulates during movement, when muscles are active, but also at rest, when muscles 
are not active. These changes in resting motor system excitability can be transient or longer lasting. Evidence from transcra-
nial magnetic stimulation (TMS) studies suggests even relatively short periods of motor learning on the order of minutes 
can have lasting effects on resting CSE. Whether individuals are able to return CSE to out-of-task resting levels during 
the intertrial intervals (ITI) of behavioral tasks that do not include an intended motor learning component is an important 
question. Here, in twenty-five healthy young adults, we used single-pulse TMS and electromyography (EMG) to measure 
motor evoked potentials (MEPs) during two different resting contexts: (1) prior to engaging in the response task during 
which participants were instructed only to rest (out-of-task), and (2) ITI of a choice-reaction time task (in-task). In both 
contexts, five TMS intensities were used to evaluate possible differences in recruitment of corticospinal (CS) output across 
a range of inputs. We hypothesized resting state CSE would be greater during ITI than out-of-task rest, reflected in larger 
MEP amplitudes. Contrary to our hypothesis, we observed no significant difference in MEP amplitudes between out-of-task 
rest and in-task ITI, and instead found evidence of equivalence, indicating that humans are able to return to a stable motor 
resting state within seconds after a response. These data support the interpretation that rest is a uniform motor state in the 
healthy nervous system. In the future, our data may be a useful reference for motor disorder populations with an impaired 
ability to return to rest.

Keywords  Transcranial magnetic stimulation · Corticospinal excitability · Resting state · Motor evoked potential · Motor 
control

Introduction

Corticospinal excitability (CSE) modulates dramatically 
during behavior. A considerable amount of research has 
characterized such modulation before, during, and after 
motor responses. However, few studies have directly com-
pared CSE during in-task ITI with out-of-task rest contexts. 
Both in-task ITI (structured) and out-of-task (unstructured) 
rest are contexts in which volitional motor activity is absent, 
but whether CSE is consistent between these contexts is 
not known. Comparisons of ‘rest’ are important because 

numerous behavioral studies use ITI as a baseline reference 
for determining the effects of in-task behavioral manipula-
tions. Moreover, whether individuals are capable of return-
ing to an equivalent to out-of-task state, between epochs 
of movement may be important for characterizing healthy 
motor system function.

CSE can be measured with transcranial magnetic stimu-
lation (TMS) over the primary motor cortex (M1) (Sieb-
ner et al. 2022), and TMS studies of CSE in the context of 
motor tasks have examined plasticity induced through motor 
learning over the span of hours and days (for reviews see 
Bestmann and Krakauer 2015; Carson et al. 2016; Spam-
pinato et al. 2023). Effects of motor learning on CSE have 
also been observed across shorter timescales. For example, 
repeating thumb movements along a fixed trajectory for a 
period of as little as five minutes results in TMS-elicited 
thumb movements along the trained trajectory, providing 
evidence for short-term motor learning and the potential for 
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plasticity to occur rapidly in M1 (Classen et al. 1998; Büte-
fisch et al. 2000; Suleiman et al. 2023). Modulation of CSE 
can also occur without any explicit motor learning, such 
as immediately before voluntary movement or immediately 
before a state of voluntary relaxation (Bestmann and Duque 
2016; Duque et al. 2017; Chen and Hallett 1999; Suzuki 
et al. 2015). Evidence of transient motor system modulation 
calls into question the capacity of the motor system to return 
to a stable resting state between trials of a behavioral task, 
and thus, whether intertrial measures can serve as a valid 
baseline reference.

Changes in CSE during movement preparation extend 
beyond muscles involved in responding. For example, TMS-
elicited motor evoked potential (MEP) amplitudes decrease 
during the preparatory period of a delayed response task in 
task-relevant and task-irrelevant muscles (Duque et al. 2009, 
2010, 2012, 2017; Greenhouse et al. 2015; Lebon et al. 2019; 
Labruna 2019; Hannah et al. 2018). The potential influence 
on intertrial rest of these presumed transient changes to CSE 
is under-researched. Intertrial dynamics may hold valuable 
information regarding mechanisms responsible for modulat-
ing CSE. Establishing whether healthy individuals return 
to a stable resting baseline level of CSE could aid future 
investigations in clinical populations. Moreover, examin-
ing a range of TMS intensities may provide more complete 
information about the input–output state of the corticospinal 
(CS) pathway since differences can manifest within separate 
segments of an MEP recruitment curve. In theory, sensitiv-
ity to weaker stimulation intensities may increase shortly 
after the execution of a motor response while the maximum 
attainable MEP amplitude may remain stable. Such non-
linear adjustments in input–output relationships may point 
to the lingering influence of specific mechanisms within the 
CS pathway after a response is executed.

Here, we used TMS to compare resting CSE between 
out-of-task and in-task contexts. Input–output MEP recruit-
ment curves were measured using five TMS intensities 
during out-of-task rest and within the ITI of two separate 
motor response tasks. All measurements were taken from 
the left first dorsal interosseous (FDI) muscle, with in-task 
measurements taken when the FDI was both task-relevant 
and task-irrelevant. We hypothesized that the recruitment 
curves of individuals at rest between trials of a task would 
exhibit enhanced CSE compared with those produced for the 
same individual out-of-task. Specifically, we predicted an 
overall leftward shift in the recruitment curve and a steeper 
slope, arising from lingering activity associated with task 
responses. A leftward shift would indicate a decrease in 
the threshold within the dynamic range of the input–out-
put function, consistent with a broad increase in excitability 
across all levels of input. A slope change would indicate an 
increase in input–output gain, consistent with a non-linear 
change in the sensitivity of the CS pathway to TMS. These 

predictions derive from models of input–output properties of 
sensory systems that we apply to CSE (Greenhouse 2022). 
Such a result would be consistent with the interpretation 
that rest is not a uniform state inside and outside a task con-
text. Alternatively, no differences in the recruitment curves 
across conditions would indicate a stable, uniform resting 
state of motor excitability. This result would support the use 
of intertrial rest as a baseline reference for comparisons with 
non-resting behavioral states.

Methods

Participants

Twenty-six young, neurologically healthy, right-handed 
adults volunteered to participate in this study (16 female, 
10 male; mean age of 20.1 ± 3.1 years old). Data from one 
participant were excluded from the analysis due to high 
levels of background EMG activity during the task. Writ-
ten informed consent was obtained from each participant 
before data collection and all participants completed the 
entire study. All participants were screened for contraindi-
cations prior to TMS, including family or personal history 
of seizure and personal history of head trauma or fainting. 
The institutional review board of the University of Oregon 
approved this study.

Experimental design

Data were collected during three experimental conditions: 
out-of-task rest, a task involving a choice between the two 
responding hands (hand-choice), and a task involving a 
choice between two responding fingers of the right hand 
(finger-choice). These three conditions were completed in 
one data-collection session for 22 of the 25 participants who 
completed the entire protocol, and two separate sessions for 
the other three participants due to time constraints. For all 
participants, the out-of-task rest condition was completed 
first, and the order of the hand-choice and finger-choice con-
ditions was counterbalanced across participants. For all con-
ditions, the participants were asked to sit in a relaxed posi-
tion approximately two feet in front of a computer monitor, 
with their forearms and hands resting flat on a table in front 
of them. Participation lasted approximately 2.5 h in total.

Out‑of‑task EMG and TMS

Electromyography (EMG) was collected over the left FDI 
to record MEPs and the C7 vertebra to detect TMS arti-
facts, with a ground electrode positioned over the left head 
of the ulna (Fig. 1). The skin under each electrode was 
lightly exfoliated and cleaned with alcohol prior to affixing 
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bipolar Ag/Cl electrodes to the surface of the skin. All elec-
trode channels were connected to a Bagnoli (Delsys) EMG 
amplifier (1000×) and sampler (5000 Hz; bandpass filter 
50–450 Hz). EMG data were recorded onto a computer 
using the VETA toolbox (Jackson and Greenhouse 2020) in 
MATLAB (Mathworks, Natick, MA) throughout each task. 
Participants were shown their online EMG recordings and 
were instructed to minimize activity in all channels when 
not responding.

TMS hot-spotting and thresholding were performed to 
reliably elicit MEPs from the left FDI. The TMS coil was 
first positioned 2 cm anterior and 5 cm to the right of the 
vertex of the head and angled approximately 45° off the 
midline to produce a posterior-anterior flowing current over 
M1. The coil was repositioned in increments of approxi-
mately 1 cm until reliable MEPs were observed in the left 
FDI EMG recording. To determine resting motor threshold 
(RMT), TMS intensity was initially set at 30% maximum 
stimulator output (MSO) and was adjusted by 2% MSO until 
MEPs with amplitudes above 0.05 mV were visualized on 5 
out of 10 consecutive pulses over the motor hotspot.

Out-of-task rest measurements consisted of 70 TMS 
pulses over the left FDI hotspot in right M1 at 90, 110, 130, 
150, and 170% of the participant’s RMT. The order of TMS 

intensities was randomized across measurements with 14 
pulses at each intensity. The participant was instructed to 
sit with their body as relaxed as possible, with reminders 
provided as needed by the experimenter. EMG activity was 
visualized online by the experimenter on a screen adjacent to 
the participant and recorded with the VETA toolbox.

Behavioral tasks

The two behavioral tasks used the same behavioral stimuli 
and event timing and only differed in the response configu-
ration. Both tasks consisted of three epochs: Fixation, Cue, 
and Go (Fig. 1). In the fixation epoch, a centered white 
rectangle (20 × 20 pixels) appeared 300 ms after trial onset 
for 200 ms. The cue epoch started 1000 to 1500 ms after 
trial onset (randomly drawn from a uniform distribution) 
and cued the participant to prepare either the left or right 
response (hollow leftward or rightward pointed triangle, 
140 × 150 pixels). The go epoch (triangle filling white) 
began 900 ms after cue onset and stayed on the screen for 
800 ms or until a button press was detected. Each trial was 
followed by an ITI (blank gray background) which lasted 
until 7.6 s had elapsed from trial onset. The participant was 
instructed to relax during the fixation period, to prepare but 

Fig. 1   Task stimuli consisted of left and right-pointing arrows. One 
arrow became bold to cue the participant to prepare a corresponding 
response. The arrow then filled in to signal the execution of the pre-
pared response. Participants responded to left and right arrows using 
the left and right index fingers, respectively, during the hand-choice 
task (depicted) with surface EMG recorded from the responding first 

dorsal interosseous (FDI) muscles. The right index and pinky fin-
gers served as the responding effectors in the finger choice task (not 
shown). TMS administered over the right M1 elicited MEPs (star) in 
the left FDI at fixation onset to provide measurements of resting CSE 
during the task. An example EMG trace is shown from a single trial
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not execute the forthcoming response during the cue epoch, 
and to execute the cued response as fast as possible during 
the go epoch. Both tasks consisted of four blocks, which 
alternated between 59 and 60 trials each, for a total of 238 
trials. Of these 238 trials, 14 were ‘catch trials,’ in which the 
go stimulus never appeared to discourage participants from 
responding prematurely.

Behavioral data were collected via button presses from 
custom-built response boards (Makey Makey v.1.2; Joylabs). 
During the finger-choice task, participants responded to the 
left go stimulus by pressing a button using a lateral move-
ment of the right index finger and responded to the right go 
stimulus by pressing a button using a downward movement 
of the right pinky finger. During the hand-choice task partic-
ipants responded to the right go stimulus with the right index 
finger and the left go stimulus with the left index finger. In 
this case, lateral movements of the index fingers were used 
to press buttons on the sides of a box positioned beneath the 
stimulus presentation display. Otherwise, all aspects of the 
tasks were identical. After the researchers explained each 
task, participants completed a short practice block until they 
expressed readiness to begin testing, approximately 10 trials.

In‑task TMS

In-task TMS was administered at the same intensities as 
out-of-task TMS (90, 110, 130, 150, or 170%) and equally 
distributed across the cued left and right response direc-
tions. TMS was administered on 210 trials for both the 
finger-choice and hand-choice tasks (14 pulses per TMS 
intensity level at the fixation onset (ITI) and 14 pulses per 
intensity level, per hand 800 ms into the cue epoch). Only 
one TMS pulse was delivered per task trial. Thus, there were 
70 TMS trials within each task condition, and these were 
distributed across all task blocks. The task baseline TMS 
was only administered at fixation onset on a given trial, and 
no other TMS pulses were administered on those same trials. 
The mean number of trials used for each condition at every 
intensity is presented in Table 1.

Here, we analyze in-task TMS pulses administered at fix-
ation onset as this pulse time was at the end of the ITI and 
serves as a measure of resting CSE in the context of a motor 
task. Similar to the out-of-task context, online EMG was 
monitored during the task to ensure participants remained at 
rest when not responding, where the experimenter instructed 
the participant to relax if increased EMG activity was noted 
outside of go epochs.

Data analysis

All surface EMG data were pre-processed and visualized 
using the VETA toolbox in MATLAB using a two-step 
procedure. First, MEP and EMG events were automatically 

detected using the ‘findEMG.m’ function, and then all the 
data were visualized using the ‘visualizeEMG.m’ func-
tion and associated graphical interface. The three condi-
tions (rest, finger-choice, hand-choice) were visualized 
separately. Trials that included excessive EMG activity 
and/or EMG activity overlapping with MEPs, or MEPs 
detected at the wrong intervals were excluded from the 
analysis. Trials in which the root mean square (RMS) of 
the EMG activity in a window of −30 to −5 ms preced-
ing the TMS pulse exceeded 30 µV were excluded from 
analysis. Additionally, trials in which the EMG activity 
overlapped with MEP measurements were determined 
through visual inspection of the EMG traces with the 
experimenter blinded to the condition during which the 
data were recorded. The numbers of MEPs included in 
the analysis for each condition are included in Table 1. 
Example individual MEP traces for one subject are pre-
sented in Fig. 2.

Mean MEP amplitudes and RMS of the EMG activ-
ity −30 to −5 ms preceding TMS pulses were calculated 
for each TMS intensity for the out-of-task, hand-choice 
ITI, and finger-choice ITI conditions. MEP amplitude was 
measured as peak-to-peak. A Boltzmann function was 
fitted to the mean MEP amplitudes across the five TMS 
intensities for each of the conditions (Kukke et al. 2014) 
using the ‘sigm_fit.m’ function in Matlab:

Table 1   Mean number of MEPs analyzed per condition

Mean number of MEPs analyzed for all participants across the three 
experimental conditions (Rest, Finger, and Hand) at each TMS inten-
sity (90, 110, 130, 150, and 170% RMT). The maximum possible 
number of MEPs measured per condition and TMS intensity was 14
MEP motor evoked potential

Intensity (% 
RMT)

Condition Mean MEP 
number

Standard 
deviation MEP 
number

90 Rest 11.8 1.6
Finger 11.2 1.5
Hand 11.3 1.7

110 Rest 12.4 1.8
Finger 12.4 1.6
Hand 12.0 1.5

130 Rest 13.2 0.9
Finger 12.7 1.7
Hand 13.1 1.2

150 Rest 13.0 0.9
Finger 13.2 1.3
Hand 13.3 0.7

170 Rest 13.1 1.2
Finger 12.9 1.7
Hand 13.2 1.1
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where MEPsat is the plateau value at high stimulation inten-
sities, EMGbase refers to the participant’s EMG baseline at 
rest, S50 is the stimulation intensity that produces a MEP 
halfway between EMGbase and MEPsat and k is the change 
in stimulus intensity from S50 that relates to a 73% change 
in a participant’s MEP(s) (Kukke et al. 2014).

The slope of the line of best fit for each curve was cal-
culated using the ‘sigm_fit_val.m’ function in Matlab, and 
maximum slope was determined.

Statistics

Statistical tests were analyzed with Bayesian repeated-meas-
ures analysis of variance (ANOVA) using the program JASP 
(JASP team 2023). All models included random slopes for all 
repeated measures factors and were fitted across × 100,000 
iterations with participant modeled as a random intercept 
(van den Bergh et al. 2022). Normality of data and model-
averaged residual plots were checked in JASP using a Q-Q 
plot of residuals. No transformations were required, as 
there was no non-normal data. Evidence for main effects 
and interactions were determined using Bayes factor in favor 
of the null hypothesis (BF01 ± percent error), where values 
greater than 1 indicate support for the alternative hypoth-
esis and values less than 1 support the null hypothesis. The 
strength of evidence was determined using a standard BF01 
classification table (BF01 < 0.3: inconclusive evidence for 

(1)

Boltzmann Function ∶ MEP(s) = EMG
base

+
MEP

sat

1 + e
S50−s

k

.

the null hypothesis; 0.3 ≤ BF01 ≤ 3: weak evidence for the 
null hypothesis; BF01 > 3: moderate evidence for the null 
hypothesis; van Doorn et al. 2021). Main effects and interac-
tions were further evaluated using post-hoc pairwise com-
parisons that were performed using Bayesian paired t-tests 
in JASP. The null hypothesis was zero difference across con-
ditions, with the alternative being a difference not equal to 
zero. A Cauchy prior distribution was assumed for the null. 
All data are presented as non-transformed mean ± standard 
deviation.

Mean RMS of EMG activity from −30 to −5 ms pre-
ceding the TMS pulses and mean MEP amplitudes were 
assessed with 2-way repeated-measures ANOVA using the 
factors Condition (rest, hand-choice ITI, finger-choice ITI) 
and TMS Intensity (90, 110, 130, 150, 170% RMT) to test 
our hypothesis that MEP amplitudes would increase during 
(ITI) of the finger and hand epochs compared to the out-of-
task resting state.

Results

Participants performed the motor tasks correctly, as indi-
cated by the high levels of accuracy across the two tasks 
(finger: 98.65 ± 3.88% correct; hand: 96.81 ± 6.15% cor-
rect). Behavioral button press reaction times indicated over-
all fast responses for correct trials (mean ± std for finger: 
427 ± 91 ms and hand: 450 ± 116 ms). Three participants 
were excluded from the hand-choice behavioral data analysis 
due to a malfunction of the button response device. Over-
all accuracies indicate that participants were behaving as 
expected and executing trial-wise responses. We did not 
evaluate other behavioral metrics as we had no hypotheses 
about relationships between resting CSE values and task 
performance.

Participants had an average RMT of 43 ± 7% MSO 
(Range of 31–55% MSO). For the 2-way repeated-meas-
ures ANOVA on RMS of EMG −30 to −5 ms from TMS 
onset, there was no effect of Condition (p = 0.13) and no 
effect of TMS intensity (p = 0.07). A Greenhouse–Geisser 
sphericity correction was made in calculating these effects, 
as Mauchly’s test of sphericity indicated the assumption 
of sphericity was violated (p < 0.05) when the uncorrected 
repeated-measures ANOVA was initially run. This indicates 
participants did not have differences in background EMG 
activity immediately preceding the TMS pulse.

For the 2-way repeated-measures ANOVA on MEP 
amplitudes, there was strong evidence for a null effect 
of Condition (BF01 = 3.854), with no difference between 
out-of-task and hand-choice (6.841  mV, posterior 
odds = 11.647), between out-of-task and finger-choice 
(2.626 mV, posterior odds = 4.471), or between the two 
task conditions (0.683  mV, posterior odds = 1.163). 

Fig. 2   Example individual motor evoked potential (MEP) traces from 
a single participant measured in the out-of-task rest condition. MEP 
amplitude (mV) increased with increasing TMS intensity
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There was strong evidence for an effect of TMS inten-
sity (BF01 < 0.01), where MEP amplitude increased reli-
ably across intensities (all post-hoc pairwise comparisons 
BF01 < 0.01). There was very low evidence for an interac-
tion between Condition and Intensity (BF01 = 8.922).

The recruitment curves for each condition (rest, hand, 
finger) at each intensity (90, 110, 130, 150, 170% RMT), 
with mean MEP amplitude (mV) ± SD, are presented in 
Fig. 3. The group mean (std) of the maximum recruitment 
curve slope values were 0.055 (0.035), 0.060 (0.028), and 
0.051 (0.027) for the rest, hand, and finger conditions, 
respectively. Statistical tests comparing maximum slope 
across conditions were not appropriate because the model 
fitting approach depends on within-subject variance that 
cannot be recycled for group-level comparisons. However, 
these slope values are highly similar, and visual inspection 
indicated overlapping distributions.

Together, these results indicate the distribution of MEP 
amplitudes across TMS intensities is highly overlapping 
between out-of-task and ITI rest. Thus, resting CSE did 
not change in the context of the task.

Discussion

The present study compared single-pulse TMS measure-
ments of CSE across a range of stimulation intensities 
between rest out-of-task and during the ITI of instructed-
delay two-choice reaction time tasks. Our hypothesis that 
MEP amplitudes would increase during ITI compared to 
the out-of-task resting state was not supported. Instead, we 
observed converging evidence in favor of the null hypoth-
esis that MEP amplitudes from the different resting con-
ditions are equivalent across a range of TMS intensities. 
Moreover, recruitment curve slopes calculated for each 
condition were in a similar range for the three conditions. 
Overall, the results indicate inter-trial CSE returns to an 
out-of-task rest state during the performance of delayed 
response tasks.

Many TMS experiments depend on inter-trial measure-
ments as a reference for CSE modulation during phases 
of a behavioral task. Our current data indicate in healthy 
participants that the baseline measurements of CSE inside 
and outside of a behavioral task context are similar regard-
less of whether MEPs are measured from responding or 
non-responding hand muscles. This suggests the human 
CS pathway can return to a consistent resting state within a 
matter of seconds after the execution of a response, and the 
inter-trial baseline may serve as a reliable proxy for out-of-
task resting CSE measurements. The current data extend 
previous studies that have compared out-of-task and 
within-task resting MEP measurements at only one fixed 
TMS intensity (e.g. Wadsley et al. 2023; Greenhouse et al. 
2015). By examining a range of TMS intensities in the 
current study, we were able to account for possible non-
linear relationships and rule out effects that might only be 
detectable at higher stimulation intensities. Moreover, we 
examined multiple task contexts that could influence CSE 
differentially and observed converging outcomes.

Our exploratory analysis of maximum recruitment curve 
slopes across participants and conditions adds to the grow-
ing research on input–output relationships of the CS path-
way. The slope of the line of best fit for the recruitment curve 
represents the sensitivity of the motor system to increasing 
TMS intensities, with higher slopes indicating greater sen-
sitivity to increasing cortical input (Kukke et al. 2014). Our 
results support the application of the Boltzmann function at 
both the group and individual levels for fitting these data. 
The similarity in the estimated curve slopes for the different 
conditions, in the context of the omnibus ANOVA results 
for mean MEP amplitudes, lends further support to the inter-
pretation that rest is a uniform state inside and outside the 
context of the delayed response tasks.

The lack of CSE modulation during within-task 
rest is somewhat unexpected. Previous studies using 

Fig. 3   Mean MEP amplitudes (mV) across six TMS intensities (0, 90, 
110, 130, 150, 170% RMT) for each of the 3 conditions (Rest, Hand, 
Finger) were fit with a Boltzmann function (solid lines) to derive 
recruitment curves. Mean ± SD MEP amplitude (diamonds) increased 
with increasing %RMT but did not differ significantly across condi-
tions
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behavioral tasks similar to ours, i.e. involving repeated 
finger responses across trials, have established changes 
in short-term CS plasticity measured as adjustments in 
TMS-elicited movement trajectories (Classen et al. 1998; 
Bütefisch et al. 2000; Suleiman et al. 2023). Such plas-
ticity suggests repeating finger movements changes the 
state of the CS pathway over the span of minutes, how-
ever, we did not observe evidence for CSE changes in the 
responding effector during the ITI. Differences from this 
previous work may be explained by features of our chosen 
response tasks. Specifically, in those studies movements 
were repeated in consecutive trials whereas here, partici-
pants chose between two response options on a trial-by-
trial basis. Alternatively, it is possible MEP amplitudes are 
more dynamic than TMS-elicited movement trajectories. 
MEP amplitudes change dynamically from the ITI dur-
ing the response preparation period (Duque et al. 2017), 
but less is known about TMS-elicited movement trajecto-
ries during the same preparatory interval. While the two 
types of TMS-derived measurements are likely related, 
e.g. movement magnitude is expected to scale with MEP 
amplitude, the direction of movement may be more inde-
pendent of MEP amplitudes.

The ability to return to rest between task responses may 
hold important implications for motor system diseases that 
can influence the ability to modulate CSE. For example, 
investigations of Parkinson’s disease (Valls-Solé et al. 1994) 
and dystonia (Mavroudakis et al. 1995; Ikoma et al. 1996) 
have shown abnormal patterns of CSE at rest. A dynamic 
model of cortico-basal ganglia circuits for motor control 
as proposed by Nambu and others suggests that an indirect 
pathway suppresses motor output to maintain a status quo, 
and actions are initiated when the direct pathway releases 
specific action plans from inhibition (Nambu et al. 2023; 
Engel and Fries 2010). Recent work highlights the putative 
role of the indirect pathway in returning the motor system 
to rest following the planned termination of actions (Schultz 
et al. 2023). Whether these out-of-task abnormalities impact 
patients’ abilities to return back to a resting state within a 
task context may help to explain specific behavioral deficits 
and potentially track disease progression or point toward 
candidate biomarkers. Examining recruitment curves in 
these populations during resting epochs between trials of a 
task may also reveal properties of the motor system respon-
sible for the resumption of rest.

A limitation of the current study was the lack of precise 
feedback to participants in the process of returning to rest 
between task trials. EMG activity was monitored through-
out the task, and the experimenter instructed participants 
to relax their muscles if the EMG showed signs of muscle 
contraction and, thus, participants could have used a variety 
of strategies to relax their muscle activity (e.g. ruminating 
on past errors or making predictions about future responses). 

Nevertheless, despite the unconstrained nature of this task 
epoch, the results suggest this inter-trial period yields a 
consistent pattern of CSE. Fatigue may have also limited 
CSE modulation due to the long duration of the experiment 
(Kotan et al. 2015; Morris and Christie 2020). However, the 
order of the hand and finger choice tasks was counterbal-
anced to partially control for fatigue effects. Further research 
under a wider variety of task conditions would be useful for 
determining whether the current findings generalize beyond 
the hand and finger choice tasks used here. Finally, because 
we only measured MEPs in the left FDI, we are unable to 
speak to the possible influence of hand dominance. All par-
ticipants were right hand dominant, and we chose to target 
the left FDI to remain consistent with previous studies (e.g. 
Duque et al. 2010; Gomez et al. 2021; Greenhouse et al. 
2015). While studies have shown MEP amplitudes were 
larger in the right (dominant) compared with left FDI at 
rest, these studies also showed task-based modulation of the 
two hands was similar, and therefore, suggest our conclu-
sions would be the same had we measured right FDI MEPs 
as well (Hallet and Ziemann 2001; Hammond 2002). Fur-
ther evidence indicates there is no meaningful difference in 
task-related modulation between the two hands using the 
behavioral task we used here (Klein et al. 2016).

In conclusion, our current data indicate healthy young 
adults can promptly return to a resting CSE state within sec-
onds following a motor response, indicating rest within the 
motor system is relatively stable outside and inside motor 
tasks. We established this pattern by testing a range of stim-
ulation inputs. Moreover, our findings support the use of 
inter-trial epochs as a reference for active behavioral states, 
which is a common practice in physiological investigations 
of motor system dynamics. Our approach may have spe-
cific utility in the context of motor disorders for determin-
ing whether deficits in motor function arise from difficulty 
maintaining and returning to a stable resting state.

Author contributions  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by Kate Bakken, Chris Horton, Mitchell Fisher, Ian Green-
house, Charlie Lewkowitz, Hayami Nishio, and Tania Sarabia. The first 
draft of the manuscript was written by Kate Bakken and all authors 
commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Funding  Foundation for the National Institutes of Health, 
R01NS123115, Ian Greenhouse.

Data availability  The data and reproducible code supporting this 
study's findings will be made available upon reasonable request.

Declarations 

Conflict of interest  On behalf of all authors, the corresponding author 
states there is no conflict of interest.



2270	 Experimental Brain Research (2024) 242:2263–2270

References

Bestmann S, Duque J (2016) Transcranial magnetic stimulation: 
decomposing the processes underlying action preparation. Neu-
roscientist 22(4):392–405. https://​doi.​org/​10.​1177/​10738​58415​
592594

Bestmann S, Krakauer JW (2015) The uses and interpretations of the 
motor-evoked potential for understanding behaviour. Exp Brain 
Res 233:679–689. https://​doi.​org/​10.​1007/​s00221-​014-​4183-7

Bütefisch CM et al (2000) Mechanisms of use-dependent plasticity in 
the human motor cortex. Proc Natl Acad Sci 97(7):3661–3665. 
https://​doi.​org/​10.​1073/​pnas.​97.7.​3661

Carson RG, Ruddy KL, McNickle E (2016) What do TMS-evoked 
motor potentials tell Us about motor learning? Progress Motor 
Control Theories Transl 957:143–157. https://​doi.​org/​10.​1007/​
978-3-​319-​47313-0_8

Chen R, Hallett M (1999) The time course of changes in motor cortex 
excitability associated with voluntary movement. Can J Neurol 
Sci 26(3):163–169. https://​doi.​org/​10.​1017/​s0317​16710​00001​96

Classen J et al (1998) Rapid plasticity of human cortical movement rep-
resentation induced by practice. J Neurophysiol 79(2):1117–1123. 
https://​doi.​org/​10.​1152/​jn.​1998.​79.2.​1117

Duque J et al (2010) Evidence for two concurrent inhibitory mecha-
nisms during response preparation. J Neurosci 30(10):3793–3802. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​5722-​09.​2010

Duque J et al (2017) Physiological markers of motor inhibition during 
human behavior. Trends Neurosci 40(4):219–236. https://​doi.​org/​
10.​1016/j.​tins.​2017.​02.​006

Engel AK, Fries P (2010) Beta-band oscillations—signalling the status 
quo? Current Opinion Neurobiol 20(2):156–165. https://​doi.​org/​
10.​1016/j.​conb.​2010.​02.​015

Gomez I et al (2021) Response Preparation Involves a Release of Intra-
cortical Inhibition in Task-Irrelevant Muscles. J Neurophysiol 
125(2):523–532. https://​doi.​org/​10.​1152/​jn.​00390.​2020

Greenhouse I (2022) Inhibition for gain modulation in the motor sys-
tem. Exp Brain Res 240(5):1295–1302. https://​doi.​org/​10.​1007/​
s00221-​022-​06351-5

Greenhouse I et al (2015) Nonspecific inhibition of the motor system 
during response preparation. J Neurosci 35(30):10675–10684. 
https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1436-​15.​2015

Hammond G (2002) Correlates of human handedness in primary 
motor cortex: a review and hypothesis. Neurosci Biobehav Rev 
26(3):285–292

Hannah R et al (2018) Selective suppression of local interneuron cir-
cuits in human motor cortex contributes to movement prepara-
tion. J Neurosci 38(5):1264–1276. https://​doi.​org/​10.​1523/​JNEUR​
OSCI.​2869-​17.​2017

Ikoma K, Samii A, Mercuri B, Wassermann EM, Hallett M (1996) 
Abnormal cortical motor excitability in dystonia. Neurology 
46(5):1371–1371. https://​doi.​org/​10.​1212/​WNL.​46.5.​1371

Klein PA et al (2016) Comparison of the two cerebral hemispheres 
in inhibitory processes operative during movement preparation. 
Neuroimage 125:220–232

Kotan S et al (2015) Depression of corticomotor excitability after 
muscle fatigue induced by electrical stimulation and voluntary 
contraction. Front Hum Neurosci 9:363. https://​doi.​org/​10.​3389/​
fnhum.​2015.​00363

Kukke SN et al (2014) Efficient and reliable characterization of the 
corticospinal system using transcranial magnetic stimulation. J 

Clin Neurophysiol 31(3):246. https://​doi.​org/​10.​1097/​WNP.​00000​
00000​000057

Labruna L (2019) Planning face hand and leg movements: ana-
tomical constraints on preparatory inhibition. J Neurophysiol 
121(5):1609–1620. https://​doi.​org/​10.​1152/​jn.​00711.​2018

Lebon F et al (2019) The neural specificity of movement preparation 
during actual and imagined movements. Cereb Cortex 29(2):689–
700. https://​doi.​org/​10.​1093/​cercor/​bhx350

Mavroudakis N, Marc Caroyer J, Brunko E, Zegers de Beyl D (1995) 
Abnormal motor evoked responses to transcranial magnetic stimu-
lation in focal dystonia. Neurology 45(9):1671–1677. https://​doi.​
org/​10.​1212/​WNL.​45.9.​1671

Morris AJ, Christie AD (2020) The effect of mental fatigue on neuro-
muscular function is similar in young and older women. Brain Sci 
10(4):191. https://​doi.​org/​10.​3390/​brain​sci10​040191

Nambu A, Chiken S, Sano H, Hatanaka N, Obeso JA (2023) Dynamic 
activity model of movement disorders: the fundamental role of 
the hyperdirect pathway. Mov Disord 38:2145–2150. https://​doi.​
org/​10.​1002/​mds.​29646

Schultz KE et al (2023) Stopping a continuous movement: A novel 
approach to investigating inhibitory control. J Cogn Neurosci 
35(7):1108–1132. https://​doi.​org/​10.​1162/​jocn_a_​01998

Siebner HR et al (2022) Transcranial magnetic stimulation of the brain: 
what is stimulated?–a consensus and critical position paper. Clin 
Neurophysiol. https://​doi.​org/​10.​1016/j.​clinph.​2022.​04.​022

Spampinato DA et al (2023) Motor potentials evoked by transcranial 
magnetic stimulation: interpreting a simple measure of a com-
plex system. J Physiol 601(14):2827–2851. https://​doi.​org/​10.​
1113/​JP281​885

Suleiman A et  al (2023) Cortically-evoked movement in humans 
reflects history of prior executions, not plan for upcoming move-
ment. J Neurosci 43(27):5030–5044. https://​doi.​org/​10.​1523/​
JNEUR​OSCI.​2170-​22.​2023

Suzuki T et al (2015) Excitability changes in primary motor cortex just 
prior to voluntary muscle relaxation. J Neurophysiol 113(1):110–
115. https://​doi.​org/​10.​1152/​jn.​00489.​2014

Valls-Solé et al (1994) Abnormal facilitation of the response to tran-
scranial magnetic stimulation in patients with Parkinson's disease. 
Neurology 44(4):735–741. https://​doi.​org/​10.​1212/​wnl.​44.4.​735

Van den Bergh D, Wagenmakers EJ, Aust F (2022) Bayesian repeated-
measures ANOVA: an updated methodology implemented in 
JASP. Adv Methods Pract Psychol Sci. https://​doi.​org/​10.​1177/​
25152​45923​11680​24

Van Doorn J et al (2021) The JASP guidelines for conducting and 
reporting a Bayesian analysis. Psychon Bull Rev 28:813–826. 
https://​doi.​org/​10.​3758/​s13423-​020-​01798-5

Wadsley CG et al (2023) Proactive interhemispheric disinhibition sup-
ports response preparation during selective stopping. J Neurosci 
43(6):1008–1017. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​1712-​22.​
2022

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1177/1073858415592594
https://doi.org/10.1177/1073858415592594
https://doi.org/10.1007/s00221-014-4183-7
https://doi.org/10.1073/pnas.97.7.3661
https://doi.org/10.1007/978-3-319-47313-0_8
https://doi.org/10.1007/978-3-319-47313-0_8
https://doi.org/10.1017/s0317167100000196
https://doi.org/10.1152/jn.1998.79.2.1117
https://doi.org/10.1523/JNEUROSCI.5722-09.2010
https://doi.org/10.1016/j.tins.2017.02.006
https://doi.org/10.1016/j.tins.2017.02.006
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1152/jn.00390.2020
https://doi.org/10.1007/s00221-022-06351-5
https://doi.org/10.1007/s00221-022-06351-5
https://doi.org/10.1523/JNEUROSCI.1436-15.2015
https://doi.org/10.1523/JNEUROSCI.2869-17.2017
https://doi.org/10.1523/JNEUROSCI.2869-17.2017
https://doi.org/10.1212/WNL.46.5.1371
https://doi.org/10.3389/fnhum.2015.00363
https://doi.org/10.3389/fnhum.2015.00363
https://doi.org/10.1097/WNP.0000000000000057
https://doi.org/10.1097/WNP.0000000000000057
https://doi.org/10.1152/jn.00711.2018
https://doi.org/10.1093/cercor/bhx350
https://doi.org/10.1212/WNL.45.9.1671
https://doi.org/10.1212/WNL.45.9.1671
https://doi.org/10.3390/brainsci10040191
https://doi.org/10.1002/mds.29646
https://doi.org/10.1002/mds.29646
https://doi.org/10.1162/jocn_a_01998
https://doi.org/10.1016/j.clinph.2022.04.022
https://doi.org/10.1113/JP281885
https://doi.org/10.1113/JP281885
https://doi.org/10.1523/JNEUROSCI.2170-22.2023
https://doi.org/10.1523/JNEUROSCI.2170-22.2023
https://doi.org/10.1152/jn.00489.2014
https://doi.org/10.1212/wnl.44.4.735
https://doi.org/10.1177/25152459231168024
https://doi.org/10.1177/25152459231168024
https://doi.org/10.3758/s13423-020-01798-5
https://doi.org/10.1523/JNEUROSCI.1712-22.2022
https://doi.org/10.1523/JNEUROSCI.1712-22.2022

	Corticospinal excitability at rest outside of a task does not differ from task intertrial intervals in healthy adults
	Abstract
	Introduction
	Methods
	Participants
	Experimental design
	Out-of-task EMG and TMS
	Behavioral tasks
	In-task TMS
	Data analysis
	Statistics

	Results
	Discussion
	References




