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Summary

Deep sleep oscillations are proposed to be central in restoring brain function and to

affect different aspects of motor performance such as facilitating the consolidation of

motor sequences resulting in faster and more accurate sequence tapping. Yet,

whether deep sleep modulates performance fatigability during fatiguing tasks remains

unexplored. We investigated overnight changes in tapping speed and resistance

against performance fatigability via a finger tapping task. During fast tapping, fatiga-

bility manifests as a reduction in speed (or “motor slowing”) which affects all tapping

tasks, including motor sequences used to study motor memory formation. We further

tested whether overnight changes in performance fatigability are influenced by

enhancing deep sleep oscillations using auditory stimulation. We found an overnight

increase in tapping speed alongside a reduction in performance fatigability and per-

ceived workload. Auditory stimulation led to a global enhancement of slow waves

and both slow and fast spindles during the stimulation window and a local increase in

slow spindles in motor areas across the night. However, overnight performance

improvements were not significantly modulated by auditory stimulation and changes

in tapping speed or performance fatigability were not predicted by individual changes

in deep sleep oscillations. Our findings demonstrate overnight changes in fatigability
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but revealed no evidence suggesting that this effect is causally linked to temporary

augmentation of slow waves or sleep spindles. Our results are important for future

studies using tapping tasks to test the relationship between sleep and motor memory

consolidation, as overnight changes in objectively measured and subjectively per-

ceived fatigue likely impact behavioural outcomes.
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auditory stimulation, fatigue, finger tapping, motor slowing, performance fatigability, sleep, sleep
spindles, slow waves

1 | INTRODUCTION

Sleep oscillations during non-rapid eye movement (NREM) sleep are

believed to play a pivotal role in the restoration of brain function and

in solidifying the retention of learned motor patterns. Yet, while most

of the research has traditionally focussed on how sleep enhances

motor sequence learning and enables motor memory consolidation,

little is known about whether sleep modulates performance fatigabil-

ity. Fatigability describes the objectively measurable reduction in per-

formance which emerges during prolonged task execution. Subjective

fatigue, by contrast, is defined by the individual's perception of how

demanding a task feels, including sensations of tiredness, increased

effort, and a discrepancy between the effort felt and the actual per-

formance achieved (Kluger et al., 2013). Elevated and sustained

fatigue, observed in many neurological disorders, is frequently accom-

panied by deteriorated sleep (Brass et al., 2010; Kluger et al., 2013;

Manjaly et al., 2019) and discrepancies between subjective fatigue

and performance fatigability increase with sleep deprivation

(Magnuson et al., 2023), but whether NREM sleep oscillations contrib-

ute to our resilience to fatigue remains to be investigated.

Performance fatigability has been investigated via different tasks

such as fast, repetitive, low-force movements. These movements are

typically assessed by measuring the change in tapping time between

key presses during a 30 s finger tapping task at maximal speed and

evoke fatigability irrespective of whether the participants tap with

only one finger, or execute a motor sequence (Bächinger et al., 2019;

Rickard et al., 2008). When executed as quickly as possible, a signifi-

cant slowing of tapping speed occurs throughout the 30 s, which has

been referred to as “motor slowing” (Bächinger et al., 2019;

Heimhofer et al., 2024). An alternative approach for measuring fatiga-

bility is sustained muscle contractions, which are typically assessed by

measuring the maximum voluntary contraction torque during a sus-

tained contraction task (Arias et al., 2015; Madrid et al., 2016;

Magnuson et al., 2023; Post et al., 2009). In a study comparing acute

sleep deprivation with a normal night's sleep, Magnuson et al.

observed similar levels of performance fatigability in sustained muscle

contractions following both conditions but greater perceived fatigue

in the sleep deprivation conditions. While isometric contractions mea-

sure a mix of supraspinal and neuromuscular mechanisms, prolonged

finger tapping at high speeds have been shown to not significantly

affect markers of peripheral or muscular fatigability and instead

predominantly test supraspinal mechanisms of fatigability (Arias

et al., 2015; Bächinger et al., 2019; Madrid et al., 2016; Rodrigues

et al., 2009). One supraspinal mechanism of fatigability is the break-

down in GABAA-inhibitory circuits in motor areas of the cortex

involved in finger tapping. This breakdown is not only present in pro-

longed finger tapping at high speeds but, interestingly, also in motor

sequence learning (Bächinger et al., 2019).

Resilience to fatigability could potentially be promoted by two

hallmark oscillations of NREM sleep: slow waves and sleep spindles.

Slow waves are large-amplitude, low-frequency brain oscillations

which are measured using electroencephalography (EEG). They reflect

collective synchronisation of excitatory and inhibitory neurons

throughout the cortex, contributing to synaptic renormalisation and

memory consolidation (Frankland & Bontempi, 2005; Tononi &

Cirelli, 2014). Sleep spindles can also be measured using EEG and are

thought to result from thalamocortico-cortical activity in the forebrain

that favours intracortical plasticity (Fernandez & Lüthi, 2020). Slow

spindles emerge in the EEG as 9–12.5 Hz activity primarily in the fron-

tal areas of the cortex whereas fast spindles emerge in the 12.5–

16 Hz frequency range in primarily centroparietal areas (Cox

et al., 2017). Although various imaging modalities reveal that slow and

fast spindles appear in different cortical areas, it is unclear whether

slow and fast spindles serve distinct functional roles or whether they

reflect different ends of the same functional spectrum (Anderer

et al., 2001; Andrade et al., 2011; Manshanden et al., 2002; Schabus

et al., 2007; Siclari et al., 2014; Sleep, 2010). In summary, the renor-

malisation and plasticity of cortical synapses associated with slow

wave or spindle activity may contribute to restoring the resilience of

cortical neurons in sensorimotor areas affected by performance fati-

gability from one day to the next.

The effects of these sleep oscillations on central motor control

have primarily been researched in terms of motor sequence learning.

When evaluating sleep-dependent motor memory consolidation, sleep

spindles have been observed to play an important role. Increases in

sigma (9–16 Hz) activity, manifesting as the number of spindles

(Morin, 2008), clustered spindles (Boutin et al., 2024), and spindle

density (Nishida & Walker, 2007), have been documented to rise after

sleep in cortical areas involved in motor sequence learning. Although

it has been shown that reducing slow waves using auditory stimula-

tion can lead to a reduction in motor performance in a motor

sequence learning task (Fattinger et al., 2017), it is unclear whether
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enhancing slow wave and sigma activity using auditory stimulation

can lead to improved motor performance (Baxter et al., 2023; Choi

et al., 2019; Choi & Jun, 2022). The success of learning a sequence of

finger movements after a sleep period is typically quantified as the

improvement in movement speed (e.g. tapping time between key

presses) in combination with accuracy measures (e.g. considering only

correctly performed sequences) (Lustenberger et al., 2016; Rickard

et al., 2008; Walker et al., 2002). As movement speed is susceptible to

fatigability, it remains under-investigated to what extent performance

metrics used to assess sleep-related motor memory and learning, are

confounded by performance fatigability.

Rickard et al. first reported performance fatigability during fast

tapping movements as a potential confounding effect when assessing

whether improvements in motor sequence learning are due to active

sleep learning processes (Rickard et al., 2008). They found that reduc-

ing the tapping block from the more common 30 s duration to 10 s

(which causes significantly less fatigability) can lead to improvements

in the accuracy difference scores before and after sleep. However,

overnight improvements were similar to those observed between pre-

sleep trials. One would anticipate more pronounced overnight

improvements if there existed a sleep-related mechanism for enhanc-

ing performance. Here, we investigated differences in performance

fatigability during a simple tapping task before and after sleep and

whether such differences are specifically linked to sleep oscillations.

Sleep oscillations involved in consolidating learned motor

sequences may also affect mechanisms of fatigability. To dissociate

motor performance from sequence learning, we investigate whether

enhancing slow waves overnight changes motor performance in a

motor task without a sequence learning component. We enhanced

slow wave activity bouts through auditory stimulation, a neuromodu-

latory technique that has been used previously (Huwiler et al., 2023;

Ngo et al., 2013). Additionally, we report auditory stimulation effects

on both slow wave and sigma activity. By analysing how these oscilla-

tions correlate with overnight changes in finger tapping performance

and overall fatigability, we aim to elucidate the contributory roles of

both slow waves and sleep spindles in motor resilience and general

motor performance.

2 | METHODS

2.1 | Participants

Twenty-six healthy adult males were recruited for participation in a

randomised controlled, double-blind, crossover trial, registered under

ClinicalTrials.gov NCT04166916. Of these, eight participants were

excluded: seven due to not meeting pre-established inclusion criteria

during the screening night, and one due to non-adherence to the

experimental protocol (see Figure S2 for a more detailed justification

for their exclusion). The final cohort comprised 18 participants, aged

between 30.0 and 57.1 years, who were non-smokers and exhibited

no cardiovascular, sleep, or significant concurrent health issues. Ethi-

cal approval for the study was obtained from the Cantonal Ethics

Committee Zurich (KEK ZH, BASEC 2019-01538), and all participants

provided written informed consent before commencement, with mon-

etary compensation provided for their involvement. The study was

conducted in accordance with the Declaration of Helsinki.

2.2 | Procedure

All participants underwent three experimental nights where one of

three auditory stimulation (stim) modalities were applied in a counter-

balanced, cross-over design (no stim, low volume stim, high volume

stim). The two latter stimulation conditions were used to examine

dose dependency effects of auditory stimulation on cardiovascular

effects (Alessandrelli et al., 2024; Huwiler et al., 2023). However, the

experimental session with low volume stim was excluded from this

analysis as our hypotheses were on the effects of auditory stimulation

on motor performance, rather than any potential dose-dependency

effects. Three days prior to each experimental night, the participants

had to adhere to a regular sleep rhythm and compliance was moni-

tored by questionnaires. Each experimental night was preceded by a

behavioural task battery in the evening and followed by the same task

battery in the morning. These task batteries included a psychomotor

vigilance task, an oddball task, a word pair task, a decision-making

task, and a finger tapping task. Here, findings from the finger tapping

task are reported.

Eighteen healthy male participants conducted the finger tapping

block the evenings before (�8:30 pm) and the mornings (�9 am) after

two nights of sleep (included in the reported analysis) in the sleep lab

during which polysomnography with high-density surface EEG was

measured. The two nights took place �1–2 weeks apart. Each night

of sleep consisted of a 7.5 h sleep window where, on one night, we

applied an auditory stimulation (stim) condition during the up phase of

NREM slow waves and, on the other night, we applied a control

(sham) condition without stimulation (Figure 1). More details on the

study protocol can be found elsewhere (Alessandrelli et al., 2024;

Huwiler et al., 2023).

2.2.1 | Finger tapping block

Participants sat in a comfortable chair with their chin placed in a chin

rest to ensure a stable head position for pupil size measurements (not

reported here). The chair height was adjusted to accommodate partici-

pants. The right forearm rested on the table with the hand placed on a

keyboard (K55 RGB PRO, Corsair Gaming Inc., California,

United States). Participants were instructed to keep their wrist on the

keyboard rest to avoid compensatory movements during the task.

They were also instructed to tap as fast as possible with maximum

effort throughout the entire trial. Each tapping block comprised six tri-

als, during which participants alternated between index and middle

finger taps of their right hand at their maximal voluntary rate for 30 s,

followed by 30 s rest (Figure 1). Our methodology departs from classi-

cal motor sequence learning approaches by utilising a simple,
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repetitive, two-finger tapping task to assess baseline motor perfor-

mance and fatigue, devoid of any learning or memory components

typically associated with motor sequence learning tasks. The onset of

the tapping window was indicated by a crosshair on the centre of the

screen positioned behind the keyboard. “Pause” was displayed to indi-

cate the beginning of the rest period which included a “Get ready!”
display in the last 6 s of the rest period, prompting the participant to

expect the subsequent tapping trial to begin. On the first experimental

night, participants were accustomed to the task with two trial runs.

Presentation v22.0 was used to run the protocol. Eye tracking and

EEG were also acquired during the behavioural task but are not

reported here. After each block, participants completed the National

Aeronautics and Space Administration-Task Load Index (NASA-TLX), a

questionnaire assessing the perceived amount of mental and physical

resources required to execute the task (Hart & Staveland, 1988).

Workload is assessed along six dimensions: mental demand, physical

demand, temporal demand, performance, effort, and frustration.

2.2.2 | EEG recording during sleep

A high-density EEG system with 128 electrodes (Geodesic Sensor

Net, Magstim EGI, Eugene, USA) was attached prior to the tapping

block in the evening and was removed after the tapping block in the

morning. All impedances were kept below 40kΩ. After lights out, par-

ticipants were allowed to sleep for 7.5 h while polysomnography was

recorded (BrainProducts GmbH, Gilching, Germany) at a sampling rate

of 500 Hz.

2.2.3 | Auditory stimulation

We investigated a stim condition that was selected based on their

dynamic effects on the brain and compared it with a no stimulation

(sham) condition (Huwiler et al., 2022). Namely, we used 1 Hz rhyth-

mic EEG feedback-controlled (single channel Fpz-A2) auditory stimu-

lation of a 50 ms burst of pink noise with a sound level of 45 dB

(stim). Auditory stimuli were delivered through Etymotic insert ear-

phones (Etymotic Research Inc., ER 3C) during NREM sleep. Stimula-

tions were delivered in a windowed 10 s ON (auditory stimulation

presented) followed by 10 s OFF (no auditory stimulation presented)

design (see Huwiler et al., 2022; Lustenberger et al., 2022 for a

detailed description of stimulation algorithms). Only stimulation win-

dows in artefact- and arousal-free NREM2 and NREM3 were included

in further analyses.

2.3 | Data analysis

One participant out of 18 was excluded from the finger tapping analy-

sis for not alternating fingers between taps (Figure 2), while another

participant out of 18 was excluded from the EEG analysis because of

a measurement error during the sham recording (Figures 3a–c and

S1a–c). Both of these participants were therefore excluded from the

analysis that combined finger tapping and EEG results (Figures 3d–i

and S1d–i).

2.3.1 | Behavioural analysis

Tapping speed was calculated as the number of taps per second

(Hz) in 5 s bins for each 30 s tapping trial (Figure 2a). To quantify

motor slowing, tapping speed was calculated in 2 s bins. A linear (first

order) polynomial was fitted to the binned tapping speed data using

the MATLAB function polyfit. The slope of the linear fit (Hz/s)

describes the degree of motor slowing for the given trial. The 2 s bin

where the maximum tapping speed took place was defined as the time

of maximum performance. If maximum performance was not achieved

within the initial 10 s of the trial, indicating a lack of maximal effort

from the beginning, the trial was excluded from subsequent analysis

(6.12% per participant). Tapping speed and motor slowing values were

averaged across trials within a tapping block prior to plotting and sta-

tistical analysis.

2.3.2 | EEG analysis

EEG pre-processing was performed using the EEGLAB toolbox

(Delorme & Makeig, 2004) in MATLAB (R2019a, MathWorks Inc.,

Natick, MA). Pre-processing consisted of down-sampling to 200 Hz,

F IGURE 1 Experimental design. Two experimental sessions took
place, and the two experimental conditions (sham and stim) were
administered in a pseudo-randomised order. For each experimental
session, participants conducted a tapping block in the evening prior to
the 7.5 h sleep window and in the morning after the sleep window,
each comprising six consecutive tapping trials. During each trial,
participants alternated tapping between the "G" and "H" buttons
using their right index and middle fingers, respectively, with each
tapping and rest period lasting 30 s.
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removing line-noise, robust average referencing, and bad channel

interpolation using the PREP pipeline (Bigdely-Shamlo et al., 2015).

Sleep was visually scored in 20 s epochs and reported previously

(Huwiler et al., 2023). The power spectral density in the frequency

range of slow wave (1–2 Hz) (Fattinger et al., 2017), slow sigma (9–

12.5 Hz), and fast sigma (12.5–16 Hz) (Cox et al., 2017) was used to

calculate the activity of each band. The power spectral densities

(PSD) in the frequency bands of interest were computed by applying

a fast Fourier transform using the MATLAB pwelch function. This

was performed with a Hanning window duration of 4 s and 50%

overlap (Huwiler et al., 2022). Windowed stimulation effects in

sigma and slow wave activity induced by stimulation condition were

defined as the difference in activity during the 10 s of stimulation

(ON period) when compared with the subsequent 10 s (OFF period).

In addition, overall stimulation effects of NREM in sigma and slow

wave activity were determined by averaging the activity during

NREM2 and NREM3 stages together. We then focussed on a cluster

of electrodes covering sensorimotor areas affected during perfor-

mance fatigability (Bächinger et al., 2019; Heimhofer et al., 2024).

This includes the C3 electrode and its six surrounding electrodes

(C3 cluster).

2.4 | Statistical analysis

Statistical analyses of behavioural data were conducted in R (v 3.6.3;

R Core Team, Vienna, Austria). Using the R packages lme4 (Bates

et al., 2015) and lmertest (Kuznetsova et al., 2017), we computed lin-

ear mixed-effects models with an overnight change in tapping speed

and an overnight change in motor slowing as outcome variables, with

fixed factors set to time bins within trial or to stimulation condition.

Random factors were set to time bins within trial and participant. We

derived t-values using the Satterwhaite method of the package lmerT-

est (Kuznetsova et al., 2017). For the NASA-TLX analysis, both the

average score across dimensions and the score for the physical

demand dimensions were set as outcome measures, with fixed factors

set to time of day and stimulation condition, and with random

factors set to participant.

Cluster-based permutation t-tests implemented in FieldTrip

(Oostenveld et al., 2011) were performed to assess overall stimulation

effects of NREM (Figure 3a–c) and windowed stimulation effects

(ON–OFF periods, Figure S1a–c) in slow wave and sigma activity,

while controlling for multiple comparisons across electrodes. The min-

imum distance between electrodes was set to 4 cm (average 6.2

F IGURE 2 Overnight change in motor performance. (a) Time course of tapping speed averaged across participants and in 5 s bins for the
evening tapping block (blue) and the morning tapping block (orange). Average speed (b) and slowing (c) in the evening versus the morning.
(d) Time course of overnight change in speed averaged across participants and in 5 s bins for the sham condition (green) and the stim condition
(blue). Average overnight change in speed (e) and slowing (f) for the sham versus the stim condition. All data are presented as mean ± standard
error of the mean of 17 participants. The data of each participant are depicted in grey.
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neighbours per channel) and the condition labels were randomly shuf-

fled 1000 times with maximum cluster-level statistics being retained

for each permutation.

Since motor performance and slow wave activity as well as fast

and slow sigma activity values significantly deviated from normal dis-

tribution (revealed by Shapiro–Wilk tests p < 0.05), we correlated

motor performance and activity in the three frequency bands across

participants using Spearman rho correlation coefficients implemented

in R using the R base function cor.test (Figures 3d–f and S1d–f).

Values of p <0.05 were considered significant. Plots were generated

using the R package ggplot2 (Wickham, 2016) and MATLAB. Where

applicable, tapping speed or motor slowing values, and NASA-TLX

scores reported in the main body of text are in the format mean

± standard error of the mean.

3 | RESULTS

The tapping speed significantly decreased over the 30 s tapping

period for both the morning and the evening session (Figure 2a, t(67)

= 3.35, p < 0.01). The average speed over the 30 s was higher in the

morning compared with the evening (Figure 2B, t(16) = 3.15,

p < 0.01). Also, the motor slowing during the 30 s trial was signifi-

cantly reduced in the morning (Figure 2c, t(67.12) = 3.35, p < 0.01).

To investigate whether this overnight improvement in motor perfor-

mance was influenced by NREM sleep, we compared the overnight

change in tapping speed and motor slowing between the auditory

stimulation night and the sham night. Both after the stim night and

the sham night overnight improvements were observed by means of

faster speed and less slowing observed in the morning compared with

the evening (Figure 2d–f). Even though overnight changes in motor

performance were descriptively greater after the stim night than after

the sham night, the auditory stimulation condition did not significantly

influence overnight changes in tapping speed (Figure 2e, t(186)

= 1.35, p = 0.18), and motor slowing (Figure 2f, t(32)

= 0.43, p = 0.67).

Furthermore, the participant's perceived task workload was

assessed using the overall NASA-TLX workload, calculated as the

average of the six dimensions, where higher scores indicate higher

perceived workload. Participants reported lower scores in the morning

F IGURE 3 NREM slow wave and sigma activity across stimulation conditions and its link to motor performance. (a–c) Topographical
distribution of the NREM activity for slow wave (a: 1–2 Hz), slow sigma (b: 9–12.5 Hz), and fast sigma (c: 12.5–16 Hz). The left topoplot shows
the stim condition, the middle topoplot shows the sham condition, and the right topoplot is their difference with the electrodes around C3
highlighted in blue. For the right panel only, highlighted dots indicate significant differences (p < 0.05) in the windowed stimulation effects
between stim and sham. Values of p were calculated applying linear-mixed effects models with condition entered as the fixed factor and
participant as the random factor compared with the sham condition. p-values for each topoplot in the right panel have been corrected for
multiple comparisons by applying cluster-based correction. (d–i) Spearman correlations between the overnight change in tapping speed (d–f) and
motor slowing (g–i) versus the average activity in the C3 cluster of electrodes for slow wave (d, g), slow sigma (e, h), and fast sigma (f, i). The black

dots represent each individual participant. N = 17 participants for a–c and N = 16 for d–i.
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(38.75 ± 2.61) relative to the evening (44.07 ± 2.66), as indicated by a

significant effect observed for the time of day (F(1,54) = 13.19,

p < 0.001). However, there was no significant effect observed for

stimulation condition (F(1,54) = 0.0002, p = 0.99). As our finger tap-

ping task is designed to assess performance fatigability, the partici-

pant's response to physical demand may be the NASA-TLX dimension

that best reflects their perception of fatigue. Lower physical demand

scores were reported in the morning (56.03 ± 4.70) when compared

with the evening (63.91 ± 4.11), as indicated by a significant effect for

the time of day (F(1,54) = 5.28, p < 0.03) but not the stimulation con-

dition (F(1,54) = 1.40, p = 0.24).

We first profiled the topography of the windowed stimulation

effects in slow wave and sigma activity, defined as the difference in

activity during the 10 s of stimulation (ON period) when compared

with the subsequent 10 s (OFF period). As shown in previous studies,

auditory stimulation significantly and globally enhanced the difference

between the ON and the OFF period in slow wave, slow sigma, and

fast sigma activity during times of auditory stimulation when com-

pared with sham (Figure S1a–c right panel). As reported previously by

Huwiler et al., our auditory stimulation protocol enhanced the win-

dowed stimulation effect in slow wave activity, particularly over fron-

tal areas, during times of stimulation when compared with sham

(Figure S1a right panel) (Huwiler et al., 2023). Interestingly, slow sigma

power was particularly enhanced in frontocentral areas whereas the

enhancement in fast sigma power was most pronounced in parietal

areas (Figure S1b,c right panel). When comparing the stim night with

the sham night, the difference in windowed stimulation effects in nei-

ther slow wave, slow sigma, nor fast sigma over the C3 cluster was

associated with neither an increased overnight improvement in finger

tapping speed (jrhoj < =0.47, p > =0.068, Figure S1d–f) nor reduced

motor slowing (jrhoj < =0.31, p > =0.25, Figure S1g–i). Noticeably,

there was the tendency that a smaller windowed stimulation effect in

slow sigma activity in the C3 cluster during auditory stimulation ver-

sus sham was associated with stronger overnight improvement in

speed (rho = �0.47, p = 0.068, Figure S1e) but not with reduced

slowing (rho =0.06, p = 0.822, Figure S1f).

Next, we investigated whether auditory stimulation modulated

slow wave (1–2 Hz), slow sigma (9–12.5 Hz), and fast sigma (12.5–

16 Hz) activity (in μV2/Hz) during the entire NREM sleep and whether

individual differences in NREM sleep characteristics could account for

the overnight improvement in motor performance. The overall stimu-

lation effect on slow wave and fast sigma activity during all averaged

NREM sleep epochs were not significantly different between condi-

tions (Figure 3a,c right panel). Interestingly, NREM slow sigma activity

in electrodes proximal to the left primary motor cortex exhibited

higher levels during the stim night, despite our auditory stimulation

protocol primarily targeting the slow oscillations of a frontal electrode.

As motor slowing has been associated with a release of inhibition in

sensorimotor areas (Bächinger et al., 2019), we tested whether NREM

activity in C3 and its surrounding electrodes (C3 cluster) could influ-

ence overnight changes in motor performance. When comparing the

stim night with the sham night, the difference in NREM activity in nei-

ther slow wave, slow sigma, nor fast sigma over the C3 cluster was

associated with overnight improvement in finger tapping speed

(jrhoj < =0.26, p > =0.33, Figure 3d–f) or reduced motor slowing

(jrhoj < =0.22, p > =0.40, Figure 3g–i).

4 | DISCUSSION

In the present study, we investigated overnight changes in tapping

speed and resistance against performance fatigability via a finger tap-

ping task and whether these changes are functionally influenced by

enhanced NREM sleep oscillations using auditory stimulation. We

found an overnight increase in average tapping speed, less motor

slowing, and lower perceived workload (Figure 2b,c). However, modu-

lating cortical NREM oscillations via auditory stimulation did not lead

to significantly greater speed or resistance against fatigability when

compared with sham.

Optimal performance and skill learning have been shown to vary

with time since awakening, diurnal variations, and sleep, but little is

known about changes in motor fatigability (Della-Maggiore, 2005;

Facer-Childs & Brandstaetter, 2015; Walker et al., 2003). Magnuson

et al. recently found that acute sleep deprivation led to greater per-

ceived fatigue when performing an isometric force production task

without significantly affecting performance fatigability measures com-

pared with a normal night's sleep (Magnuson et al., 2023). This study

highlights critical discrepancies between perceived fatigue and perfor-

mance fatigability after sleep deprivation. However, in isometric tasks,

fatigability measures are heavily influenced by neuromuscular mecha-

nisms. Fast repetitive tasks, by contrast, are primarily affected by

supraspinal fatigability mechanisms. Our findings indicate that the

physical demand of the tapping task was perceived to be lower in

the morning than in the evening but also that there was less objec-

tively measured motor fatigability, i.e. less motor slowing. Even

though we investigated two-finger tapping in the present study,

motor slowing has been equally demonstrated for sequence tapping

(Bächinger et al., 2019). As such, our result is also relevant for studies

that have reported sleep-related improvements in motor memory con-

solidation in 30 s sequence tapping tasks (Nishida & Walker, 2007;

Walker et al., 2002). Tapping a motor sequence for 30 s is among the

most frequently used tasks to describe and investigate sleep-related

motor memory consolidation and performance is usually quantified by

indices that consider tapping speed and often also accuracy. However,

our findings indicate that overnight changes in this task might, at least

partly, have been driven by a reduction in motor slowing, reflecting

changes in motor fatigability rather than motor learning. This aligns

with a previous study where it was reported that a 10 s sequence tap-

ping task, which induces significantly less fatigability than one lasting

30 s, led to markedly reduced off-line gains compared with 30 s tap-

ping, further questioning the direct association of improved overnight

task performance with motor learning (Rickard et al., 2008).

In many daily activities, such as typing on a keyboard, playing

musical instruments, and rehabilitation, enhancing the timing and

accuracy of our movements can be as crucial as improving speed. To

better understand how sleep influences our ability to learn these
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motor sequences, it is important to also use performance measures

and tasks that account for timing and accuracy while controlling for

the effects of speed. For instance, Antony et al. explored sleep-related

motor skill enhancements through a sequence tapping task devoid of

maximal tapping speed, employing a performance score focussed on

timing and accuracy (Antony et al., 2012). The authors reported post-

sleep improvements correlating with increased slow wave sleep dura-

tion when comparing pre- and post-nap scores, suggesting improved

motor sequence learning with marginal tapping speed confounds

(Antony et al., 2012). In summary, designing finger tapping tasks to

have marginal fatigability or that are not dependent on tapping at

maximum speed may provide further evidence of the sleep-related

mechanisms involved in motor learning.

The primary non-invasive approach to investigate sleep's func-

tional role in cognition and physiology is modulating sleep oscillations

using auditory stimulation (Jaramillo et al., 2024; Ngo et al., 2013;

Tononi et al., 2010). We first tested whether our auditory stimulation

condition successfully modulated slow wave and sigma activity. When

compared with sham, auditory stimulation globally increased slow

wave activity during the stimulation window versus the 10 s window

after (Figure 2e,f, Figure S1a). However, whole-night slow wave activ-

ity was not significantly enhanced during auditory stimulation com-

pared with sham (Figure 3a). This may explain why overnight

improvements in motor performance were not significantly enhanced

with auditory stimulation compared with sham (Figure 2e,f). More-

over, the degree to which auditory stimulation individually modulated

whole-night and windowed slow-wave activity did not correlate with

motor performance improvements (Figure 3d,g, Figure S1d,g). This

further emphasises that changes in tapping speed and performance

fatigability may not be related to NREM sleep oscillations. Auditory

stimulation studies typically report a redistribution in slow wave activ-

ity (windowed effect) rather than an enhancement across the whole

night (whole-night effect). This redistribution was sufficient to lead to

improved declarative memory consolidation (Ngo et al., 2013;

Papalambros et al., 2017, 2019), cardiac function (Huwiler

et al., 2023), and immune supportive function (Besedovsky

et al., 2017). In another auditory stimulation study using electrodes

near motor areas instead, the efficiency in executing motor move-

ments decreased (more specifically sequence tapping variability

increased) when slow waves near those motor areas were suppressed

for the whole night (Fattinger et al., 2017). Therefore, stimulation pro-

tocols that significantly increase the amount of slow waves at sensori-

motor and premotor areas across the entire night may modulate the

cortical networks driving motor performance or the resilience to per-

formance fatigability.

For sleep-related performance changes in motor memory consoli-

dation, sigma activity, for example, enhanced by transcranial alternat-

ing current stimulation (Lustenberger et al., 2016) or olfactory

stimulation (Laventure et al., 2016), has been observed to play an

important role. This is despite mixed results from other studies

investigating the effects of enhancing slow waves and spindles using

auditory stimulation in motor sequence learning tasks (Baxter

et al., 2023; Choi et al., 2019; Choi & Jun, 2022). Here, we

investigated whether sigma activity could be involved in the observed

overnight changes in tapping speed and performance fatigability. Dur-

ing times of stimulation (i.e., during stimulation windows compared

with the 10s windows after stimulation), slow and fast sigma activity

was increased when compared with sham. Such an increase in slow

sigma was most prominent in frontal areas, where slow sigma activity

is most endogenous. This pattern is similar to the topography of the

slow wave enhancement we observed. Increases in fast sigma activity

were most prominent in centroparietal areas, where natural fast sigma

activity is most pronounced (Fernandez & Lüthi, 2020). These results

suggest that auditory stimulation amplifies slow wave and sigma activ-

ity particularly in areas where they are most endogenous, at least

when directly comparing time windows of stimulation with directly

following windows without stimulation. However, previous studies

have successfully used auditory stimulation to alter slow wave activity

in regions where slow waves are less endogenous (Fattinger

et al., 2017; Krugliakova et al., 2020). Despite targeting frontal

regions, we found increased slow sigma activity across the night dur-

ing auditory stimulation when compared with sham in a cluster of

electrodes covering sensorimotor areas affected during performance

fatigability (Bächinger et al., 2019; Heimhofer et al., 2024). This sup-

ports the use of auditory stimulation to increase sigma activity in

regions affected by motor slowing. However, the degree to which

auditory stimulation increased slow sigma activity in this cluster of

electrodes across the night as well as during time windows of stimula-

tion did not significantly correlate with motor performance improve-

ments (Figure 3e,h, Figure S1e,h).

To summarise, motor performance components devoid of learn-

ing components and reflecting pure motor output (tapping speed and

performance fatigability) are improved after a night of sleep. How-

ever, these overnight improvements are not explained by changes in

NREM sleep oscillations (slow wave and sleep spindles). Thus, our

study revealed no evidence that NREM sleep is causally involved in

overnight changes in these components of motor performance. Con-

cretely, auditory stimulation led to a global increase in slow wave and

sigma activity during time windows of auditory stimulation, as well as

a local increase in whole-night slow sigma activity in motor areas, but

these changes in NREM oscillations were not correlated with either

overnight changes in performance fatigability or tapping speed. How-

ever, other sleep factors that were not the focus of this study

(e.g. REM sleep) cannot be excluded as potential influencers of these

performance changes. Additionally, we cannot exclude the contribu-

tion of circadian and time-since-sleep effects to overnight motor per-

formance improvement as we did not conduct the post-sleep tapping

block at the same time of day as the pre-sleep tapping block.

Our findings shed light on how maximal tapping performance is

sustained for longer and how the task is perceived to be less fatiguing

after a night's sleep. In addition, they encourage future avenues in

motor sequence learning to account for performance fatigability con-

founds, especially when investigating sleep-related effects. Under-

standing how sleep influences dynamic changes in fatigability can help

to distinguish between sleep-induced motor learning and sleep-

induced restoration of motor performance.
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