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Time‑of‑day effects on skill 
acquisition and consolidation 
after physical and mental practices
Charlène Truong1,5*, Pauline M. Hilt1,5, Fatma Bouguila1, Marco Bove3,4, Florent Lebon1, 
Charalambos Papaxanthis1,2,5 & Célia Ruffino1

Time‑of‑day influences both physical and mental performances. Its impact on motor learning is, 
however, not well established yet. Here, using a finger tapping‑task, we investigated the time‑
of‑day effect on skill acquisition (i.e., immediately after a physical or mental practice session) 
and consolidation (i.e., 24 h later). Two groups (one physical and one mental) were trained in the 
morning (10 a.m.) and two others (one physical and one mental) in the afternoon (3 p.m.). We found 
an enhancement of motor skill following both types of practice, whatever the time of the day, 
with a better acquisition for the physical than the mental group. Interestingly, there was a better 
consolidation for both groups when the training session was scheduled in the afternoon. Overall, our 
results indicate that the time‑of‑day positively influences motor skill consolidation and thus must be 
considered to optimize training protocols in sport and clinical domains to potentiate motor learning.

Motor learning is essential to acquire new and improve existing motor skills in a constantly changing envi-
ronment. Exhaustive training is necessary to attain a rich motor repertoire on a long-term scale. Initially, the 
acquisition of motor skills is fast; a single or a few training sessions are sufficient to enhance accuracy and/or 
speed in a motor  task1. Although practice is undeniable for motor skill acquisition, its consolidation, namely 
the transformation of a new initially fragile motor memory into a robust and stable motor memory, can occur 
during rest periods without additional practice (off-line learning process). Indeed, several studies highlighted 
the fundamental role of sleep and the passage of time on motor skill  consolidation2–4.

Physical practice (PP) is not the only way to acquire or improve a motor skill. Mental practice (MP), namely 
the mental simulation of an action without any corresponding motor output, is a widespread form of training 
with proven efficacy in motor  learning5,6. MP improves muscle strength and  flexibility7,8, as well as speed and 
 accuracy3,5,9, representing thus a promising method for motor  rehabilitation10 and sports  performance11. The 
positive effects of MP on skill acquisition can be explained by the common properties it shares with  PP12,13. 
Motor learning through MP is associated with neural activations at several levels within the central nervous 
system, such as the parietal and prefrontal cortices, the supplementary motor area, the premotor and primary 
motor cortices, the basal ganglia, and the cerebellum. Recently, we have shown that during MP, the generation 
of a subliminal motor command triggers both cortical and subcortical circuits. This activation induces plastic 
modulations leading to important gains in motor  performance14,15. Moreover, after MP, the off-line learning 
process was also highlighted, leading to a more robust motor  memory16.

Current knowledge on motor learning leads to the assumption that the key for the formation of a rich motor 
repertoire can be found in the intelligent combination of periods with practice (physical or mental) and with 
rest (off-line learning). The elaboration of training programs, however, should also consider the time-of-day 
in which practice takes place. Indeed, several studies have suggested that physical and mental performances 
fluctuate through the day on a circadian basis (∼ 24 h). For example, circadian variations have been observed 
for the maximal voluntary  contraction17, as well as for simple motor tasks, such as  handwriting18 and counter-
flicking target  performance19. Likewise, athletic movements also exhibit this circadian rhythmicity, such as in 
length of  jump20, the accuracy of badminton or tennis  services21,22, and the swimming  speed23. Generally, many 
investigations showed better performances in the afternoon than in the  morning24,25. Interestingly, Gueugneau 
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et al. showed daily fluctuations in the timing of both physical and mental arm  movements26–28. Brain activation 
during physical and mental movement also shows strong circadian  variations29. Precisely, a contrast fMRI analysis 
revealed greater activity in the cerebellum, the left primary sensorimotor cortex, and the parietal lobe in the 
morning than in the afternoon during physical movements. The same analysis for the mental movement revealed 
increased activity in the left parietal lobe in the morning than in the afternoon. The reduction of cerebral activity 
in the afternoon could be related to the improved efficiency of the recruited neural circuits.

Although many studies have enriched the literature about the time-of-day influence on motor and mental 
performances, its impact on motor learning remains up to now unknown. The current study aims to evaluate the 
influence of the time-of-day on the acquisition and consolidation processes following PP and MP. According to 
daily fluctuations of physical and mental performances (morning vs. afternoon, Gueugneau et al.26), we scheduled 
two morning groups at 10 a.m.  (G10PP and  G10MP) and two afternoon groups at 3 p.m.  (G3PP and  G3MP), on two 
consecutive days. On day 1, we used a finger tapping  task2 to measure the acquisition process (i.e., the improve-
ment in skill performance immediately after PP or MP). On day 2, we measured the consolidation process on 
the same task (i.e., the improvement or stabilization in skill performance 24 h after PP or MP). Following the 
existing literature, we hypothesized a greater gain after PP than  MP3,5,30,31. Due to the known variations of the 
physical and mental performances within a day, we hypothesized a better acquisition in the afternoon (whatever 
the mode of practice) than in the morning. In the absence of previous data on the consolidation process and 
time-of-day, we expected it to follow the same trend as acquisition, i.e., better consolidation of the motor skill 
after training in the afternoon than in the morning.

Results
Forty-six right-handed healthy adults were requested to tap on a computer keyboard an imposed sequence with 
their left hand (Fig. 1a). The participants were randomly assigned into four groups: two PP and two MP groups, 
trained in the morning (at 10 a.m.,  G10PP and  G10MP) and in the afternoon (at 3 p.m.,  G3PP and  G3MP) on day 1 
(Fig. 1b). To evaluate the improvement in skill performance (i.e., the acquisition process), all groups physically 
accomplished the first two trials (1 and 2, pre-test, T1) and the last two trials (47 and 48, post-test, T2). The 
remaining trials (3–46, n = 44) constituted the training trials for the physical  (G10PP and  G3PP) or the mental 
 (G10MP and  G3MP) groups. To measure the consolidation process, all participants physically accomplished two 
trials 24 h later (on day 2, T3). We recorded the accuracy and speed of the sequence execution and defined the 
motor skill as the combination of both (see Fig. 1a).

Motor skill. Figure 2 shows the average values (+ SE) of skill performance for the four groups  (G10PP,  G10MP, 
 G3PP, and  G3MP) and the three sessions (T1, T2, and T3). ANOVA revealed significant effects between time-of-
day and session  (F2,84 = 5.93, p < 0.01, η2 = 0.12) and between practice and session  (F2,84 = 4.70, p < 0.05, η2 = 0.11). 
All the other comparisons were not significant (p > 0.05). The post-hoc analysis showed similar initial skill levels 
regardless of the time-of-day (p > 0.98) and the practice (p > 0.95), with comparable movement accuracy and 
duration (see, respectively, error rate and movement duration in Table 1). After training, all groups significantly 
enhanced their skill performance (T1 vs T2; in all, p < 0.001), which was characterized by a reduction of move-
ment duration and error rate (Table 1). One day after training (T2 vs T3), we observed further improvement 
in skill performance for the afternoon group (p < 0.05) and a marginal deterioration for the morning group 
(p = 0.05). In detail, the  G3MP improved speed and accuracy, the  G3PP stabilized speed and improved accuracy, 
the  G10MP improved speed and deteriorated accuracy, and the  G10PP deteriorated speed and stabilized accu-
racy (Table 1). Importantly, despite group differences in skill improvement after training (T2 vs T3), all groups 
acquired better skill performance (i.e., consolidation) 1 day later (T3) compared to their initial performance 
regardless of the time-of-day (T1 vs T3, p < 0.001) and the practice (T1 vs T3, p < 0.001); see also Table 1 for error 
rate and movement duration.

To analyse in more detail the acquisition and consolidation processes according to the time-of-day and train-
ing, we focus on gains between sessions, illustrated in Fig. 3 (T1_T2 for acquisition, T2_T3 for consolidation, 
and T1_T3 for total gain).

Gain in the acquisition process. On day 1 (Fig. 3a), the comparison of T1_T2 gain with the reference 
value zero (0) showed a significant improvement in skill performance for all groups (in all, t > 5.32; p < 0.001). 
ANOVA revealed, however, a significant main effect of practice  (F1,42 = 4.29; p < 0.05; η2 = 0.09), without time-of-
day  (F1,44 = 0.01; p = 0.96) or interaction  (F1,44 = 0.00; p = 0.99) effects, suggesting a better gain following PP than 
MP, as classically observed in the  literature3. Interestingly, the absence of an effect of time-of-day suggests that 
acquisition processes within the practice session of mental and physical practices are independent of the time-
of-day.

Gain in the consolidation process. On day 2 (Fig. 3b), the comparison of the consolidation gains (T2_T3) 
with the reference value zero (0) showed a deterioration of skill performance for the  G10PP (t =  − 2.77, p < 0.05), 
a stabilization for the  G10MP (t = 0.24, p = 0.81) and the  G3PP (t = 1.15, p = 0.16), and an enhancement (i.e., offline 
learning process) for the  G3MP (t = 3.74, p = 0.003). ANOVA showed a significant main effect of time-of-day 
 (F1,42 = 10.97; p < 0.003; η2 = 0.21) and a marginal effect of practice  (F1,42 = 3.97; p = 0.05; η2 = 0.09). All the other 
comparisons were not significant (p > 0.05). These results indicated that the consolidation processes, twenty-four 
hours later the end of the training, was better the afternoon than the morning, after mental or physical practices.

Total gain. The comparison of the total gains (T1_T3, Fig. 3c) with the reference value zero (0) showed a sig-
nificant improvement in skill performance for all groups (in all, t > 4.26, p < 0.01). ANOVA revealed a significant 
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main effect for the time-of-day  (F1,42 = 4.65; p < 0.04; η2 = 0.10), without practice  (F1,42 = 0.26; p = 0.61) or interac-
tion  (F1,42 = 0.74; p = 0.39) effect. These results indicated that while all groups acquired better skill performance 
1 day after the training compared to their initial level, the performance was better in the afternoon than the 
morning, regardless of the type of practice.

Discussion
We examined the influence of the time-of-day on skill acquisition and consolidation following physical (PP) or 
mental (MP) practice of a finger-tapping task. Our findings showed a substantial improvement in motor skill 
after the two types of training (PP and MP) whatever the time of the day (10 a.m. and 3 p.m.); there was, how-
ever, better acquisition within the practice session for the PP compared to MP. Interestingly, we found better 
consolidation 1 day after the end of the training for both PP and MP when the training sessions were scheduled 
in the afternoon (3 p.m.) compared to the morning (10 a.m.).

Figure 1.  Illustration of experimental device and procedure. (a) The computerized version of the sequential 
finger-tapping task. Each key was affected to a specific finger of participants’ left hand: 0 (thumb), 1 (index), 
2 (middle), 3 (ring), and 4 (little). Participants were requested to tap the following sequence as accurately and 
as fast as possible: 1-3-2-4-1-0. Six consecutive sequences composed one trial. Accuracy was defined as the 
number of false sequences (Errors) throughout one trial. Movement duration (MD) was defined as the time 
interval between the start of the trial (the first pressure on the key ‘0’) and the end of the trial (the last pressure 
on the key ‘0’, at the end of the 6th sequence). Motor skill is a composite ratio of duration and accuracy. (b) 
Experimental procedure. The participants were divided into four groups:  G10PP physically trained at 10 a.m., 
 G10MP mentally trained at 10 a.m.,  G3PP physically trained at 3 p.m., and  G3MP mentally trained at 3 p.m. The 
protocol was scheduled on two consecutive days. The Day 1, participants were trained on 48 trials: the two first 
trials and the last two trials were physically performed and composed T1 and T2, respectively. The remaining 44 
trials constituted physical or mental practice. The Day 2, participants physically performed two trials 24 h later 
(T3).
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Time‑of‑day influence on acquisition and consolidation processes. While several studies have 
reported an influence of the time-of-day on motor performance, such as muscular  force17,  speed28, or fine motor 
 skills18,19, we did not find such an effect on skill acquisition immediately after PP or MP. Indeed, we found an 
increase in skill performance following a single session of PP and MP, whatever the time-of-day. In line with 
our results, Sale et al. have highlighted that the improvement in motor performance following PP is neither 
influenced by the time-of-day nor by diurnal changes in circulating cortisol  levels32. Although not designed to 
this aim, two previous studies indirectly attained similar conclusions, namely comparable gains in motor perfor-
mance following  PP33 and  MP34, whatever the time-of-day of the practice. Overall, neither PP nor MP seems to 
beneficiate from a particular time during the day to improve skill performance.

Interestingly, we did find a time-of-day effect on skill consolidation. Precisely, 1 day after the training ses-
sion, skill performance was further improved when PP or MP took place in the afternoon (3 p.m.) compared to 
the morning (10 a.m.). Circadian modulations of physiological mechanisms could explain this novel finding. 
Motor memory formation, following both PP and MP, is associated with neural adaptations within the motor 
 cortex35–38. Intriguingly, Sale et al. suggested that neural plasticity is modulated across the day, due to cortisol 
hormonal circadian  fluctuation39. Indeed, the cortisol concentration, higher in the morning than in the after-
noon, was negatively correlated with neural plasticity. Although the influence of the cortisol level on motor 
consolidation must directly be evaluated, we could speculate that a high level of cortisol during the training 

Figure 2.  Average values (+ SE) of skill performance for the four groups and the three sessions. The open star 
indicates significant differences between T1 and T2 and between T1 and T3 for all groups. The black triangle 
indicates a significant difference between T2 and T3. The white triangle indicates a marginal difference between 
T2 and T3.

Table 1.  Average value (+ SE) of error rate (%) and movement duration (s) for the four groups and three 
sessions.

Groups

Error rate (%)

T1 T2 T3

G10PP
Mean 9.09 4.55 4.55

SE 3.13 1.65 2.25

G10MP
Mean 12.88 2.27 6.82

SE 3.78 1.56 2.36

G3PP
Mean 8.33 4.17 0.69

SE 2.29 1.62 0.69

G3MP
Mean 11.11 4.17 3.47

SE 4.02 1.26 1.24

Groups

Movement duration (s)

T1 T2 T3

G10PP
Mean 16.34 10.68 12.27

SE 1.04 1.07 1.09

G10MP
Mean 17.44 13.37 12.69

SE 1.82 1.08 1.07

G3PP
Mean 17.39 10.96 10.67

SE 1.38 0.70 0.55

G3MP
Mean 16.95 12.73 11.76

SE 1.56 1.31 1.23
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would have detrimental effects on the consolidation process. A complementary hypothesis, needing certainly 
further exploration, implicates the hippocampus. Animal studies have reported that this area is under circadian 
 influence40,41, while the degree of its activation, associated with that of the striatum during PP, seems to predict 
the performance gain after a night of  sleep42,43.

Behaviorally, a possible explanation concerning our findings could be the daily modulation of the sensorimo-
tor predictions of the internal forward models. It has been proposed that during both PP and MP, sensorimotor 
prediction improves the controller, and thus the motor  command3,5,9,44,45. Gueugneau et al. showed a variation 
of internal predictions across the day, being more accurate in the afternoon than in the morning, which could 
explain why motor consolidation is better after a practice session in the  afternoon26,27. We have also recently 
demonstrated, using an fMRI experiment, that motor performance is continuously updated daily with a predomi-
nant role of the frontoparietal cortex and  cerebellum29, which are both involved in the prediction  process46,47.

The differential effects of physical and mental practices on acquisition and consolidation pro-
cesses. Following previous  findings3,5,31, our results showed better acquisition after PP than MP, without 
time-of-day effects. This difference in acquisition level may be explained by the concept of internal forward 
models. Evidence supports the hypothesis that internal forward models predict the sensory consequences (e.g., 
position and velocity) of an upcoming movement, based on the copy of the motor command and the initial state 
of the apparatus. This prediction is compared with the sensory information from the periphery during the move-
ment. Any discrepancy in this comparison will drive the internal forward model to provide better  predictions44 
and, in turn, to improve the controller and thus the motor output. A recent study showed that forward models 
are triggered to predict the sensory consequence of imagined  movements45. These internal predictions could 
improve the motor command in the absence of movement-related sensory  feedback3,48. The sensorimotor pre-
diction during imagined movement is, however, more  variable49, because it is not updated by sensory feedbacks 
like physical  movement50, which could explain the smaller effectiveness of MP compared to PP in motor perfor-
mance improvement.

Most interestingly, albeit this difference in the acquisition (i.e., immediately after training), PP and MP 
obtained similar skill performances 1 day after the training, with a better total gain in the afternoon than in the 
morning (see Fig. 3c). This adjustment of skill performance between PP and MP could be attributed to a differ-
ent consolidation process between PP and MP (see Fig. 3b). In fact, in the morning, we observed a deterioration 
of skill performance for the PP versus a stabilization for the MP, suggesting a more efficient consolidation after 
MP. This forgetting may reflect a fragile memory, more susceptible to interferences, after the acquisition at 10 
a.m. for the PP  only51,52, while the stabilization of MP reflects a more robust  memory53.

Likewise, in the afternoon, MP showed also a more efficient consolidation process, highlighted by an enhance-
ment of skill performance compared to stabilization for PP. This result corroborates our recent finding for a 
pointing  task3, which showed an enhancement of skill performance 6 h after MP but not after PP. We explained 
this result by a slow motor learning process for MP, due to the availability of internal predictions only to drive 
the controller. Indeed, motor learning through MP may need passage-of-time to be consolidated, while PP may 
lead to a rapid acquisition with complete consolidation. Thus, our results expand and generalize those of the 
study of Ruffino et al.3, which suggested that PP and MP engage different acquisition and consolidation processes, 
leading, however, to similar skill performance 1 day after the training.

Figure 3.  Average values (+ SE) of gains in skill performance (%) for the four groups. (a) Acquisition gains 
(T1_T2). (b) Consolidation gains (T2_T3). (c) Total gains (T1_T3). Circles indicate the individual gains of each 
participant. Open stars indicate significant differences between Practice or Time-of-day. White triangles indicate 
significant differences from the value zero. 
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Conclusion
In conclusion, the present study provides the first evidence of the influence of the time-of-day on the consolida-
tion process following PP or MP. Even if further investigations are required to determine the physiological and/
or behavioral bases of these modulations, the findings of the current study have important methodological and 
practical implications. From a methodological point of view, our data underline the importance to consider the 
time-of-day when planning experiments investigating motor learning or motor performance. Regarding practi-
cal applications, if these findings are replicated, it would suggest that rehabilitation or training programs should 
be scheduled in the afternoon (when possible) at least for persons with intermediate chronotype, whatever the 
type of practice (physical or mental).

Methods
Participants. Forty-six healthy adults participated in the current study after giving their informed consent. 
All were right-handed (mean score 0.79 ± 0.22), as measured by the Edinburgh handedness  questionnaire54, 
and free from neurological or physical disorders. Participants were randomly assigned into four groups: two PP 
groups, one trained in the morning  (G10PP, n = 11, 8 females, mean age: 26 ± 7 years old) and the other trained 
in the afternoon  (G3PP, n = 12, 7 females, mean age: 24 ± 6 years old), and two MP groups, one trained in the 
morning  (G10MP, n = 11, 2 females, mean age: 25 ± 4 years old) and the other trained in the afternoon  (G3MP, 
n = 12, 6 females, mean age: 25 ± 2 years old). Due to the nature of the motor task (finger tapping) used in the 
present study, we did not include musicians and professional typists. The experimental design was approved by 
the regional ethic committee (Comité de Protection des Personnes—Région EST) and was conformed to the 
standards set by the Declaration of Helsinki. All participants provided written informed consent after being 
informed on the experimental procedures. From the initial forty-eight participants (n = 48) designated for our 
study, two participants were excluded: one because he/she presented an extreme morning chronotype  (G10MP) 
and the other because he/she presented an extreme evening chronotype  (G10PP).

All participants were requested to be drug- and alcohol-free, to not change their habitual daily activities (e.g., 
cooking, computer use, handiwork), and to not make intensive physical activity during the 24 h preceding the 
experiment. They were all synchronized with a normal diurnal activity (8 a.m. ± 1 h to 12 a.m. ± 1 h alternating 
with the night).

We examined the chronotype of each participant using the Morningness-Eveningness  Questionnaire55. In 
this test, scores range from 16 to 86 and are divided in five categories: evening type (score 16 to 30), moderate 
evening type (score 31 to 41, n = 7), intermediate type (score 42 to 58, n = 34), moderate morning type (score 59 
to 69, n = 5) and morning type (score 70 to 86). One-way ANOVA did not show significant differences between 
groups  (F3,42 = 1.17, p = 0.33; mean scores:  G10PP = 49 ± 9,  G10MP = 53 ± 9,  G3PP = 50 ± 8,  G3MP = 47 ± 9).

We also verified the sleep quality of each participant with the Pittsburgh Sleep Quality  Index56. The general 
score in this questionnaire ranges from 0 (no particular difficulties to sleep) to 21 (major difficulties to sleep). 
One-way ANOVA indicated very good sleep quality, which was similar between groups  (F3,42 = 0.65 p = 0.59; 
mean scores:  G10PP = 5 ± 1,  G10MP = 5 ± 1,  G3PP = 4 ± 1,  G3MP = 5 ± 1).

Motor imagery ability for the MP groups was assessed by the French version of the Movement Imagery Ques-
tionnaire “MIQr”57. The MIQr is an 8-item self-report questionnaire, in which the participants rate the vividness 
of their mental images using two 7-point scales, one associated to visual and the other to kinesthetic imagery. The 
score ‘7’ indicates easy to feel/visualize, whereas the score ‘1’ corresponds to difficult to feel/visualize (maximum 
score: 56; minimum score: 8). There were no significant differences between the two MP groups (two-tailed 
t-tests for independent groups; t = − 1.28 p = 0.21; mean scores:  G10MP = 43 ± 6,  G3MP = 45 ± 5), indicating good 
imagery ability for each group.

Experimental device and procedure. We employed a computerized version of the sequential finger-
tapping  task58, commonly used in laboratory experiments, allowing us to observe online and offline changes in 
motor performance following motor imagery  training34. Participants were comfortably seated on a chair in front 
of a keyboard. They were requested to tap, as accurately and as fast as possible, with their left hand the follow-
ing sequence: 1-3-2-4-1-0 (Fig. 1a). Each key was affected to a specific finger: 0 (thumb), 1 (index), 2 (middle), 
3 (ring), and 4 (little). One trial was composed of six sequences. Precisely, at the beginning of each trial, par-
ticipants pressed the key ‘0’ with their thumb to start the chronometer and they accomplished the 6 sequences 
continuously. Pressing the key ‘0’ at the end of the 6th sequence stopped the chronometer and ended the trial. 
To familiarize themselves with the protocol, participants accomplished two trials at a natural speed. The vision 
of the non-dominant hand was hidden through a box during the whole protocol. The sequence’s order, however, 
was displayed on the box and thus visible to the participants during the whole experiment.

The experiments were scheduled on two consecutive days (Day 1 and Day 2) and at different times within each 
day (Fig. 1b). On Day 1, participants were physically  (G10PP) or mentally  (G10MP) trained at 10 a.m. or 3 p.m. 
 (G3PP and  G3MP, respectively). All participants carried out 48 trials (12 blocks of 4 trials, with 5-s rest between 
trials and 30-s rest between blocks to avoid mental  fatigue59). To evaluate the improvement in skill performance 
(i.e., the acquisition process) following the two training methods, all groups physically accomplished the first 
two trials (1 and 2, pre-test, T1) and the last two trials (47 and 48, post-test, T2). The remaining trials (3–46, 
n = 44) constituted the training trials for the physical  (G10PP and  G3PP) or the mental  (G10MP and  G3MP) groups. 
To ensure that all participants of  G10MP and  G3MP would correctly complete mental training, we provided the 
following instructions: ‘try to imagine yourself performing the motor task, by seeing and feeling your arm mov-
ing as if you were actually moving it’. To test the consolidation process, the participants of each group performed 
two trials twenty-four hours after the end of the training (T3). Note that no feedback concerning the motor 
performance (i.e., speed or typing errors) was provided to the participants.



7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:5933  | https://doi.org/10.1038/s41598-022-09749-x

www.nature.com/scientificreports/

Data recording and analysis. For T1, T2, and T3, a program Visual Basic for Applications (Microsoft, 
Excel) recorded the accuracy and movement duration in the pre-test and post-test3. The accuracy (error rate) 
was defined as the number of false sequences throughout one trial (0 = no error during the trial; 6 = maximum 
number of errors). If the participants made one or more mistakes in one of the sequences, we counted this 
sequence as false (see Fig. 1a). The error rate was defined as the percentage of the number of errors during a trial:

Movement duration was defined as the time interval between the start of the trial (when the participants 
pressed the first key ‘0’) and the end of the trial (when the participants pressed the key ‘0’ at the end of the 6th 
sequence).

These two parameters (movement duration and error rate) are related by the speed-accuracy tradeoff 
 function60. Ascertaining that motor skill (i.e., the training-related change in the speed-accuracy trade-off func-
tion) has been improved, duration and accuracy should not change in opposite directions. For that reason, we 
compute a composite ratio of duration and accuracy to describe motor skill as follows:

Note that skill increases when the ratio increases.
Gains for the acquisition and consolidation were calculated as follows:

The total gain was calculated as follows:

Finally, to verify that participants did not activate their muscles during MP electromyographic (EMG) activity 
of the first dorsal interosseous (FDI) of the left hand was recorded during each imagined movement and com-
pared to EMG activity at rest (10 s recording before training). We used a pair of bipolar silver chloride circular 
(recording diameter of 10 mm) surface electrodes positioned lengthwise over the middle of the muscles belly with 
an interelectrode (center to center) distance of 20 mm. The reference electrode was placed on the medial elbow 
epicondyle. After shaving and dry-cleaning the skin with alcohol, the impedance was below 5 kΩ. EMG signals 
were amplified (gain 1000), filtered (with a bandwidth frequency ranging from 10 Hz to 1 kHz), and converted 
for digital recording and storage with PowerLab 26 T and LabChart 7 (AD Instruments). We analyzed the EMG 
patterns of the muscle by computing their activation level (RMS, root mean square) using the following formula:

The statistical analysis did not show any significant difference between the EMG recording during motor 
imagery and the EMG recording at rest (in all, p > 0.05).

Statistical analysis. Statistical analyses were completed using STATISTICA (8.0 version: Stat-Soft, Tulsa, 
OK). The normality of the data distributions and sphericity was verified using Shapiro–Wilk (p > 0.05) and 
Mauchly’s test (p < 0.05), respectively.

As a first step, analyses were performed to control for potential methodological biases. We compared the 
chronotype and the quality of sleep between groups  (G10PP,  G10MP,  G3PP, and  G3MP) with one-way ANOVA. 
Also, we compared the motor imagery capacities between the two MP groups  (G10MP vs  G3MP) with a two-tailed 
independent samples t-test.

Then, we applied repeated measures (rm) ANOVA with two categorical factors “Practice” (PP vs. MP) and 
“Time-of-day” (Morning vs. Afternoon) and session as the within-subject factor (T1, T2, and T3) for motor skill. 
To further assess the influence of the type of practice and the time-of-day on acquisition and consolidation pro-
cesses, we conducted two factorial ANOVA on T1_T2 and T2_T3 skill gains with categorical factors “Practice” 
(PP vs. MP) and “Time-of-day” (Morning vs. Afternoon). Finally, to analyze the total gain in skill performance 
(gain between T1 and T3), we performed a third factorial ANOVA with the same factors. All post-hoc analyses 
were performed by applying Fischer’s tests. A supplementary t-test analysis permitted us to compare each gain 
(acquisition, consolidation, and total) with the reference value zero (0) for each group.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding author 
on reasonable request.
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