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Sleep-related motor skill consolidation
and generalizability after physical practice,
motor imagery, and action observation

Adrien Conessa,1,2 Ursula Debarnot,3,4 Isabelle Siegler,1,2 and Arnaud Boutin1,2,5,*

SUMMARY

Sleep benefits the consolidation of motor skills learned by physical practice,
mainly through periodic thalamocortical sleep spindle activity. However, motor
skills can be learned without overt movement through motor imagery or action
observation. Here, we investigated whether sleep spindle activity also supports
the consolidation of non-physically learned movements. Forty-five electroen-
cephalographic sleep recordings were collected during a daytime nap after mo-
tor sequence learning by physical practice, motor imagery, or action observation.
Our findings reveal that a temporal cluster-based organization of sleep spindles
underlies motor memory consolidation in all groups, albeit with distinct behav-
ioral outcomes. A daytime nap offers an early sleep window promoting the
retention of motor skills learned by physical practice and motor imagery, and
its generalizability toward the inter-manual transfer of skill after action observa-
tion. Findings may further have practical impacts with the development of non-
physical rehabilitation interventions for patients having to remaster skills
following peripherical or brain injury.

INTRODUCTION

Repeated practice is critical for the learning and mastering of motor skills. Training procedures encour-

aging the ability to exploit the features of a learned skill for its transfer from one situation to another is

fundamental across diverse contexts, such as in sports sciences and rehabilitation.1 Although the common

way to learn a movement is by performing the task physically (see2,3 for reviews), other forms of practice can

contribute to motor-skill learning. Compelling evidence shows that motor skills can be learned without

overt movement through motor imagery (MI) or action observation (AO).4–7 While MI refers to the process

of mentally rehearsing a movement without physically performing it, AO consists in observing another

actor performing the movement. Numerous neuroimaging studies reported that neural structures are

commonly activated during MI, AO, and physical practice (PP), thus providing evidence of a relative ‘‘func-

tional equivalence’’ between practice modalities.8–10

Both covert modalities of practice (MI, AO) engage a cognitive demand upon sensorimotor networks,

boosting activity-dependent neuroplasticity and enhancing motor performance and learning.4,5,11 Tradi-

tionally, to evaluate the beneficial effects of MI and AO practice on motor skill learning, participants

observe a model or imagine themselves performing the motor task before being evaluated on a post-

training test requiring the overt practice of themovement.5,12 It is commonly reported thatMI and AOprac-

tice lead to enhanced motor performance and learning, albeit to a lesser degree than PP.13–16 However,

motor learning is not limited to task-specific learning but also concerns the ability to transfer or generalize

the newly acquired skill to another one or another effector (i.e., inter-limb transfer), which may depend on

the modality of practice.1 For instance, while the amount of PP influences the development of an effector-

specific or unspecific representation of the sequence,17 PP has been shown to rely more on an effector-spe-

cific representation of themotor skill after extensive practice than the two other modalities,5,18 thus leading

to impaired inter-limb skill transfer.17 In contrast, MI and AOpractice havemostly been revealed to develop

an effector-unspecific representation of the learned motor task, thus allowing effective skill transfer from

one limb to another.5,18 Therefore, the representation of a motor skill acquired through PP, MI, and AO

practice partly relies on distinct coding systems for movement production, leading to specific skill learning

and transfer capacities.19–21
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Although the repeated practice of a motor skill is crucial for its initial acquisition, the development of an

effective movement representation is not only a result of practice.2 The newly formed memory continues

to be processed ‘‘offline’’ over several temporal scales, from a rapid form of consolidation at a microscale

of seconds22 to longer forms of consolidation occurring primarily during the waking and sleeping hours

following practice.2,23 This offline period offers a privileged time window for memory consolidation, which

relates to the process whereby newly acquired and relatively labile memories are transformed into more

stable and enhanced memory traces.24 The memory trace is thought to be dynamically maintained during

wakefulness and actively reprocessed during a subsequent sleep period. A night of sleep and a daytime

nap have been shown to play a crucial role in the strengthening and transformation of motor memory rep-

resentations developed through PP during consolidation (see25 for a review), which behaviorally results in

either performance stabilization or improvement.26 In the same way, a few studies reported sleep-depen-

dent consolidation of motor skills learned through MI practice11,12,27,28 or AO,29 and it has been recently

emphasized that the stability of the newly formed motor memory through consolidation processes during

wake and sleep episodes may modify its generalizability.1 However, whether similar consolidation mech-

anisms are engaged during sleep following PP, MI, and AO practice, and how sleep affects the generaliz-

ability of motor skills remains to be determined.

At the brain level, and in the context of PP, motor memory consolidation is thought to bemediated by tran-

sient thalamocortical sleep spindle activity – an electrophysiological hallmark of non-rapid eye movement

stage 2 (NREM2) sleep involving brief 0.3–2 s bursts of waxing and waning 11–16 Hz oscillations. Sleep spin-

dles have been suggested to support the offline reactivation of newly acquired motor memories, resulting

in post-night and post-nap motor memory improvements.30–34 Boutin and Doyon (2020)25 recently pro-

posed a theoretical framework for motor memory consolidation following PP that outlines the essential

contribution of the clustering and hierarchical rhythmicity of spindle activity during this sleep-dependent

process. They posited that the rhythmic expression of sleep spindles over task-relevant cortical and subcor-

tical brain regions is critical for the efficient reprocessing and consolidation of motor memory traces

following PP. Specifically, it is suggested that the occurrence of sleep spindles follows two periodic

rhythms: an infraslow rhythm that corresponds to a 0.02 Hz periodicity of spindle-enriched periods, called

spindle trains, and in which spindles iterate at an intermediate rhythm of about 0.2–0.3 Hz. Current theo-

retical models posit that this 0.2–0.3 Hz rhythmic occurrence of spindles during trains defines the sequential

alternance of spindles and associated refractory periods, thus regulating the cyclic reinstatement and inter-

ference-free reprocessing of memory traces for their efficient consolidation.25,35–38 However, whether a

similar temporal cluster-based organization of sleep spindles underlies the consolidation of motor skills ac-

quired by MI and AO practice remains to be addressed.

Hence, by combining behavioral and electroencephalographic (EEG) sleep measures, the aim of the pre-

sent study was 2-fold: (1) to assess spindle activity after motor skill learning by PP, MI, and AO in order to

determine whether the clustering and temporal expression of sleep spindles is a general, modality-unspe-

cific sleep mechanism and (2) to investigate the specific contribution of sleep spindle activity and its rhyth-

mic organization in motor skill consolidation and inter-manual transfer, depending on the modality of prac-

tice. We hypothesized the emergence of a cluster-based organization of sleep spindles irrespective of the

modality of practice,39,40 albeit with distinct behavioral outcomes during retention and inter-manual trans-

fer performance.5,13,14,41,42 Such a rhythmic organization of sleep spindles is expected to facilitate motor

skill consolidation for all groups through the timed reactivation and reprocessing of newly acquired mem-

ories, as well as its generalizability toward the inter-manual transfer of skill mainly for non-physically

learned ones.

RESULTS

Methods: Overall experimental approach

Forty-five participants were required to learn amotor sequence task either by PP, MI, or AO. Themotor task

consisted of performing as quickly and accurately as possible a 5-element finger movement sequence us-

ing their left, non-dominant hand. The training phase consisted of 14 blocks performed through PP, MI, or

AO practice. Participants in the MI group were instructed to imagine themselves performing the sequence

using a combination of internal visual and kinesthetic imagery. Participants in the AOgroup were instructed

to watch a video of a model actually performing the motor sequence. Each practice block consisted of 16

repetitions of the 5-element motor sequence (i.e., a total of 80 keypresses). Response times (i.e., interval

between two keypresses; RT) of accurately typed sequence were measured and averaged to evaluate skill
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performance during test blocks43,44 (Figure 1): the pre-test and post-test blocks were respectively per-

formed before and after the training phase, while the retention and inter-manual transfer tests were

delayed and performed after an EEG-monitored 90-min daytime nap following training. During the in-

ter-manual transfer test, participants were instructed to perform one block on the original motor sequence

(same sequence of stimuli) but with the unpracticed dominant right hand.

Behavioral performance

Motor skill acquisition is reflected by changes in RT performance (in percentages) from the pre-test to the

post-test. Motor skill consolidation was assessed by analyzing the percentage of RT changes from the post-

test to the retention test, while motor skill transfer was measured as the difference in RT performance

(in percentages) between the retention test and the transfer test. Hence, lower performance differences

between the retention and transfer tests would reflect higher transfer capacity.

Figure 2 illustrates the changes in performance associated with motor skill acquisition, consolidation and

transfer capacity. Accuracy data (number of accurately typed sequences) for each test block and practice

modality are also provided in supplementary information (Table S1). A one-way ANOVA with the between-

participant factor MODALITY (PP, MI, AO) was first performed on the RT data during the pre-test to ensure

that the three groups did not differ at baseline performance, before the training phase. The analysis failed

to detect a significant MODALITY effect (F(2, 42) = 2.05, p = 0.14), revealing no performance differences be-

tween groups on the pre-test. Additional analyses on the RT data can be found in the supplementary ma-

terial (see Figures S1, S4, S5 and S6). Then, one-way ANOVAs with the between-participant factor MODALITY

(PP, MI, AO) were applied separately for motor skill acquisition, consolidation and transfer. For motor skill

acquisition, the analysis revealed a main effect of MODALITY (F(2, 42) = 7.52, p = 0.002, ɳ2p = 0.26), with better

performance improvements for the PP group (M = 32.3%) in comparison to the MI group (M = 17.0%,

p = 0.001). No significant difference in the magnitude of performance improvements was found between

the AO group (M = 23.3%) and the other two groups (p = 0.06 and p = 0.12, respectively for the PP and MI

groups). For motor skill consolidation, the analysis failed to detect a significant MODALITY effect (F(2, 42) =

2.50, p = 0.09). No significant difference in post-nap performance changes was found between the PP

group (M = �0.2%), the MI group (M = 7.9%) and the AO group (M = 4.0%). For motor skill transfer, the

analysis revealed a significant main effect of MODALITY (F(2, 42) = 5.10, p = 0.01, ɳ2p = 0.20), with greater per-

formance decreases for the PP group (M = �36.1%) than the MI group (M = �17.1%, p = 0.03) and the AO

group (M = �13.4%, p = 0.01), which did not significantly differ from each other (p = 0.63). The latter result

suggests that both MI and AO groups expressed better skill transfer capacities than the PP group. To sup-

port this finding, we conducted planned pairwise comparisons (PP vs. MI-AO contrast). The MI-AO and PP

contrast revealed lower transfer capacities for the PP group in comparison to the MI and AO groups

(t(1, 42) = 3.16, p = 0.003).

Sleep and spindle characteristics

For all groups, sleep architecture and spindle metrics are respectively summarized in Tables 1 and 2.

Main analyses were restricted to NREM2 spindle events detected over the parietal site (electrode Pz),

Figure 1. Experimental design

Participants (n = 45) were trained on a 5-element finger movement sequence either by physical practice (PP), motor

imagery (MI) or action observation (AO). Sleep EEG recordings were acquired during a 90-min daytime nap following

training. Participants were subsequently tested on the same motor sequence during retention and inter-manual transfer

tests. During the pre-test, post-test, retention and transfer tests, all participants were required to physically performed

the motor sequence. EEG: Electroencephalography.
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as expression of spindles has been shown to predominate over this region during NREM2 sleep

following motor sequence learning.31,32,37,45 Additional analyses for other scalp derivations (F3, F4, Fz,

C3, C4, Cz, P3, P4, Pz, O1, O2, Oz) can be found in the supplementary material (see Figures S2 and

S3). One-way ANOVAs with the between-participant factor MODALITY (PP, MI, AO) were applied sepa-

rately for each spindle metric. Spindle clustering. The analysis did not reveal any significant main effect

of MODALITY for the total number of sleep spindles (F(2, 42) = 0.22, p = 0.80), the number of grouped spin-

dles (F(2, 42) = 0.12, p = 0.89) and isolated spindles (F(2, 42) = 0.81, p = 0.45), as well as for the number of

spindle trains (F(2, 42) = 0.24, p = 0.80). Spindle rhythmicity. No significant main effect of MODALITY was

found for the inter-spindle interval (ISI) within trains (F(2, 42) = 0.03, p = 0.97) and inter-train interval (ITI)

metrics (F(2, 42) = 0.69, p = 0.51). Spindle density. The analysis did not reveal any significant main effect

of MODALITY for both the global density (F(2, 42) = 1.28, p = 0.29) and local density metrics (F(2, 42) = 0.80,

p = 0.46).

Modality-specific role of NREM2 sleep upon skill consolidation and transfer

To assess the role of NREM2 sleep in motor skill consolidation and generalizability, the duration of NREM2

sleep periods was respectively correlated with the magnitude of skill consolidation and transfer for each

group separately. Pearson correlation analyses revealed a significant positive relationship between the

duration of NREM2 sleep and the magnitude of post-nap skill consolidation for both the PP group

(r = 0.53, p = 0.041) and the MI group (r = 0.62, p = 0.015), but not for the AO group (r = 0.01, p = 0.98).

Interestingly, however, a positive relationship between the duration of NREM2 sleep and the magnitude

of skill transfer was found in the AO group (r = 0.54, p = 0.038), but not in the PP (r = �0.20, p = 0.47)

and MI groups (r = �0.20, p = 0.48), pointing toward modality-specific effects of sleep upon skill consoli-

dation and inter-manual transfer.
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Figure 2. Behavioral results

Performance changes (in percentages) on the motor sequence task during acquisition (from the pre-test to the post-test),

sleep-related skill consolidation (from the post-test to the retention test), and inter-manual skill transfer (from the

retention test to the transfer test) for each of the physical practice (PP; n = 15), motor imagery (MI; n = 15) and action

observation (AO; n = 15) groups. The curved lines indicate the distribution of data, the dark bars represent themean of the

distribution, and the lighter area surrounding the mean represent the standard error of the means. Individual data points

are displayed as colored circles. *p < 0.05, **p < 0.01 in a one-way ANOVA test.
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Relation between sleep spindles and skill consolidation

To investigate the modality-specific contribution of sleep spindle activity in motor skill consolidation, we

performed correlation analyses between NREM2 sleep spindle characteristics and the magnitude of skill

consolidation for each group separately. Given the multiple correlations explored, we controlled the false

discovery rate (FDR) using the Benjamini-Hochberg procedure46 for each group. For both the PP and MI

groups, correlation analyses revealed that the magnitude of skill consolidation correlated positively with

the total number of sleep spindles (rPP = 0.60, p = 0.019; rMI = 0.62, p = 0.014) (Figure 3A), with the number

of grouped spindles (rPP = 0.59, p = 0.022; rMI = 0.64, p = 0.010) (Figures 4A and 4B), as well as with the num-

ber of spindle trains (rPP = 0.62, p = 0.013; rMI = 0.55, p = 0.034). In contrast, no significant correlations were

found in the AOgroup between themagnitude of skill consolidation and the total number of sleep spindles

(r = 0.06, p = 0.83) (Figure 4A), the number of grouped spindles (r = 0.09, p = 0.76) (Figure 4C), and the num-

ber of spindle trains (r= 0.02, p = 0.95). It is noteworthy, however, that no significant correlations were found

between skill consolidation and the number of isolated spindles for all groups (rPP = 0.40, p = 0.14; rMI =

0.39, p = 0.15; rAO = �0.06, p = 0.83). The p value threshold to reject the null hypothesis after correction

using the Benjamini-Hochberg procedure is 0.0375 (Ntest = 4) for each group, confirming the significance

of the relationship between the total number of spindles, grouped spindles, and spindle trains with the

magnitude of skill consolidation for the PP and MI groups. We also aimed to compare between groups

the correlation coefficients of the relationship between the magnitude of skill consolidation and the total

number of sleep spindles by conducting Fisher’s r to z transform and computing the statistical significance

of the observed z test statistic from the differences of the transformed z scores. No significant difference

was found between PP and MI (Z = 0.08, p = 0.94), PP and AO (Z = 1.55, p = 0.12), as well as MI and AO

(Z = 1.63, p = 0.10). However, it is noteworthy that large sample sizes (N = 66) are needed to detect

large-sized differences of Pearson correlation coefficients (Dr � 0.5).47 Considering r values of 0.10, 0.30,

and 0.50 as the thresholds for small, medium, and large effect sizes, respectively,47 our correlation analyses

are in favor of greater involvement of grouped over isolated spindles in the memory consolidation process

following PP and MI. Additional multiple regression analyses can be found in the supplementary material

(see Note S1). Altogether, these findings suggest that sleep spindle activity underlies the consolidation of

the practiced motor sequence following PP and MI.

Relation between sleep spindles and skill transfer capacity

To investigate the modality-specific role of sleep spindles in motor skill generalizability, we performed

exploratory correlation analyses between NREM2 sleep spindle characteristics and the magnitude of skill

transfer for each group separately and controlled the FDR using the Benjamini-Hochberg procedure.46 For

the AO group only, significant positive correlations were found between the magnitude of skill transfer and

the total number of sleep spindles (r = 0.59, p = 0.021) (Figure 3B), the number of grouped spindles (r= 0.58,

p = 0.022) (Figure 4F), as well as the number of spindle trains (r = 0.56, p = 0.029). In contrast, no significant

correlations were found in the PP andMI groups between the magnitude of skill transfer and the total num-

ber of sleep spindles (rPP = �0.37, p = 0.17; rMI = �0.41, p = 0.13) (Figure 3B), the number of grouped

spindles (rPP = �0.38, p = 0.16; rMI = �0.40, p = 0.14) (Figures 4D and 4E), and the number of spindle trains

(rPP = - 0.29, p = 0.30; rMI = �0. 31, p = 0.26). For all groups, no significant correlations were found between

the magnitude of skill transfer and the number of isolated spindles (rPP = �0.16, p = 0.57; rMI = �0.35,

Table 1. Sleep architecture in all experimental groups

PP MI AO ANOVAs

mean SEM mean SEM mean SEM F p

WAKE (min) 26.0 3.9 28.8 4.3 41.6 5.3 2.82 0.07

NREM1 (min) 17.5 1.8 14.0 2.0 12.2 2.0 1.98 0.15

NREM2 (min) 24.7 2.1 29.8 3.3 25.3 3.4 1.03 0.37

NREM3 (min) 17.1 2.5 11.5 3.4 9.3 2.2 2.19 0.13

REM (min) 2.6 1.6 2.4 1.2 1.0 0.6 0.54 0.59

Sleep architecture (mean time and standard errors of the means; in minutes) during the 90-min daytime nap for each of the

physical practice (n = 15), motor imagery (n = 15) and action observation (n = 15) groups. The results of the one-way ANOVAs

(F and p values) are also reported. PP, Physical practice; MI, Motor imagery; AO, Action observation; NREM, Non-Rapid Eye

Movement sleep; REM, Rapid Eye Movement sleep.
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p = 0.19; rAO = 0.50, p = 0.06). Again, the p value threshold to reject the null hypothesis after correction

using the Benjamini-Hochberg procedure is 0.0375 (Ntest = 4), confirming the significance of the relation-

ship between the total number of spindles, grouped spindles, and spindle trains with the magnitude of skill

transfer for the AO group. As previously described, we conducted a statistical comparison of the correla-

tion coefficients between groups. The correlation coefficient of the relationship between the magnitude of

skill transfer and the total number of sleep spindles for the AOgroup differed significantly from those of the

PP (Z = 2.61, p = 0.009) andMI (Z = 2.73, p = 0.006) groups, which did not significantly differ from each other

(Z = 0.12, p = 0.91). Considering the effect sizes of the correlations,47 our findings are slightly in favor of

greater involvement of grouped over isolated spindles in motor skill transfer capacity following AO. Addi-

tional multiple regression analyses can be found in the supplementary material (see Note S1). Altogether,

these findings suggest that sleep spindle activity favors the consolidation of an effector-unspecific repre-

sentation (i.e., transfer to the unpracticed hand) of the learned motor sequence following AO.

Time-frequency maps

Figure 5 depicts the grand average time-frequency (TF) maps zoomed in on �6 s and +6 s around spindle

onsets during NREM2 sleep for the PP (left panel), MI (middle panel) and AO (right panel) groups. To assess

within-group power variations at each frequency bin over time, we used a two-tailed Student’s t test against

a predefined baseline window (�2 to �0.5 s before spindle onsets) for each frequency bin. TF maps were

then FDR-corrected using the Benjamini-Hochberg procedure46 (Ntest = 60020). TF analyses confirmed the

clustering and rhythmic nature of spindle events in all groups. The group-averaged TF maps illustrate the

significant periodic power increases in the spindle frequency band every 3–4 s (�0.2–0.3 Hz), irrespective of

the practice mode. We also conducted independent sample student’s t-tests to evaluate between-groups

differences of the spectral power variations. Similarly, TF maps were corrected for multiple comparisons

using the Benjamini-Hochberg procedure (Ntest = 60020). No significant difference was found between

the groups, underlying the modality-unspecific pattern of the spindle-power rhythmic variations over

time. Noteworthy, TF maps also reveal a rhythmic pattern of power increases in the theta frequency

band (4–8 Hz), which accords with current trends suggesting that cross-frequency interactions between

sleep spindles and theta waves may be relevant for sleep-related memory consolidation (see also48).

DISCUSSION

In the current study, we examined (1) the clustering and temporal expression of sleep spindles during a day-

time nap following PP, MI, or AO practice of a motor sequence task and (2) the contribution of sleep spin-

dles in motor skill consolidation and transfer, depending on the modality of practice. Our findings

confirmed that participants acquired the motor sequence through PP, MI, and AO practice, with an advan-

tage for PP. Our results further revealed that sleep, and more specifically the time spent in NREM2 sleep, is

Table 2. Sleep spindle characteristics in all experimental groups

PP MI AO ANOVAs

mean SEM mean SEM mean SEM F p

Total amount of spindles 174.5 21.1 185.3 21.5 164.7 22.8 0.22 0.80

Grouped spindles 145.5 19.3 151.3 17.8 138.3 19.2 0.12 0.89

Isolated spindles 29.0 3.2 34.0 5.0 26.4 4.4 0.81 0.45

Number of trains 36.9 4.4 38.7 4.0 34.4 4.8 0.24 0.80

Inter-spindle interval (ISI) 3.4 0.1 3.5 0.1 3.5 0.1 0.03 0.97

Inter-train interval (ITI) 44.8 4.2 46.0 2.4 41.1 2.2 0.69 0.51

Global density 7.1 0.4 6.3 0.4 6.5 0.3 1.28 0.29

Local density 8.8 0.5 8.1 0.4 8.6 0.4 0.80 0.46

Means and standard errors of themeans (SEM) are reported for the total number of spindles, grouped spindles, isolated spin-

dles, the number of trains, inter-spindle interval (ISI), inter-train interval (ITI), global density (number of spindles per minute),

and local density (number of spindles within a spindle-centered 60 s sliding window) of NREM2 sleep spindles at the Pz elec-

trode (midline parietal) during the 90-min daytime nap for each of the physical practice (n = 15), motor imagery (n = 15) and

action observation (n = 15) groups. The results of the one-way ANOVAs (F and p values) are also reported. PP, Physical prac-

tice; MI, Motor imagery; AO, Action observation.
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related to motor skill consolidation following PP andMI practice andmotor skill transfer following AOprac-

tice, hence pointing toward potential modality-specific effects of sleep upon skill consolidation and its

generalizability. In addition, we found that spindles occurring in trains (grouped spindles) during

NREM2 sleep are primarily involved in the sleep consolidation process, in comparison to isolated ones,

leading to enhanced skill retention following PP and MI practice and improved skill transfer following

AO practice. Finally, our results revealed that irrespective of the modality of practice, spindles tend to clus-

ter in trains on a low-frequency timescale of about 50 s (�0.02 Hz), and during which spindles iterate every

3–4 s (�0.2–0.3 Hz). Therefore, and for the first time, our results provide evidence of a modality-unspecific

organization of sleep spindles during the consolidation of motor skills.

During training, and as expected, the rehearsal of the motor sequence increased performance for all prac-

tice groups.4–6,13,16,49–51 As expected, though, participants in the PP group expressed higher performance

improvements than their MI group counterparts.13,16,42,49 However, it should be noted that our participants

were mostly novices in mental imagery, and thus that a high inter-individual variability in MI ability may

potentially explain part of the differences in the acquisition rates between the PP and MI groups (see Fig-

ure S7 for supplementary data about MI abilities). Indeed, it has been previously reported that good

imagers show better performance improvement than poor imagers during training.52 However, in our

experiment we did not find any relationship between mental imagery abilities and online performance im-

provements during training, potentially due to the recruitment of novice participants. Traditionally, it is also

assumed that PP leads to greater practice-related gains than AO.5,14,15 Albeit not significant, a clear ten-

dency emerged in our results in accordance with this latter assumption. Previous studies have shown that

AO learners may reach similar performance levels than PP learners when only a few PP trials are pro-

vided.5,15 Here, we can thus assume that motor-related information during AO may have been partly ob-

tained through actual execution during the pre-test, leading to the encoding of a sequence representation

partly relying on prior physical execution and not only because of additional PP during the test blocks since

similar results would have emerged in the MI practice condition.

In relation to motor skill consolidation, our results first corroborated previous findings in showing overall

significant offline performance gains for all groups over the sleep retention interval (see Figure S1).32,34,53–55

However, additional analyses revealed that these overall offline gains were mainly driven by the magnitude

of the performance gains in the MI and AO groups, since no offline gains were found for the PP group.

Hence, the absence of offline performance gains in the PP group rather reveals a sleep-based stabilization

than an enhancement of the consolidated memory. Such discrepant results with previous studies have

already been discussed in the literature (see37,56). In our study, one potential explanation for the absence

of delayed performance gains at the group level may be due to the non-averaging of performance blocks

during training and testing sessions, since block averaging is known to be a confounding factor that ac-

counts for, and further exacerbates, the offline gains.37,57 In addition, previous studies have reported an
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Figure 3. Sleep spindles in relation with motor skill consolidation and transfer

(A) Relationship between skill consolidation (percentage of performance changes across the sleep retention interval, from

the post-test to the retention test) and the total number of NREM2 spindles for each of the physical practice (PP; n = 15),

motor imagery (MI; n = 15) and action observation (AO; n = 15) groups.

(B) Relationship between skill transfer (percentage of performance changes from the retention test to the inter-manual

transfer test) and the total number of NREM2 spindles for each practice group. Scatterplots and linear trend-lines are

provided. Pearson correlation coefficients (r) and associated p values are reported for each correlation.
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early boost of motor performance after a short 5–30 min rest period following PP56,58–61 and MI practice,62

which dissipates after a longer period of rest.56,60,63 Supplementary analysis (see Figure S6) confirmed the

presence of an early boost of motor performance in the PP group, as revealed by increased performance

from the end of training to the 5-min delayed post-test. Thus, this temporary increase of performance sub-

sequent to PP training may partly explain the absence of sleep-related performance gains for the PP group

in our study. To better examine the modality-specific effects of sleep upon motor skill consolidation, we

evaluated the relationship between the magnitude of post-nap performance changes and sleep character-

istics in the PP, MI and AO groups. We found a positive relationship between the time spent in NREM2

sleep and the magnitude of motor skill consolidation for participants in the PP and MI groups. This finding

accords with previous studies depicting the major role of NREM2 sleep in motor memory consolidation

following PP.25,32,34,55 To the best of our knowledge, this is the first demonstration of the role of NREM2

sleep in the consolidation of motor skills following MI practice, albeit theoretically assumed.11,64 In addi-

tion, we also found a positive relationship between the number of NREM2 sleep spindles and the magni-

tude of motor skill consolidation following PP and MI practice, emphasizing the role of sleep spindles in

motor memory consolidation, even in the absence of overt movement. In contrast, however, our findings

did not reveal any relationship between NREM2 sleep or spindle activity with the magnitude of skill consol-

idation following AO practice. These results are, at first sight, difficult to reconcile with the seminal study of

Van Der Werf et al. (2009),11 who demonstrated that an early sleep window following AO is crucial for the

emergence of offline performance gains. However, in their study, the benefits of sleep were only observed

in behavioral performance at the group level, and the absence of polysomnographic monitoring prevented

any analysis of sleep architecture or spindle activity in relation to motor skill consolidation. Thus, our results
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Figure 4. Sleep-related motor skill consolidation and transfer following physical practice, motor imagery and action observation

Upper row. Graphical illustration of the relationship between the magnitude of skill consolidation (percentage of performance changes across the sleep

retention interval, from the post-test to the retention test) and the total number of grouped (lighter points) or isolated spindles (darker points) in the

(A) physical practice (red; n = 15), (B) motor imagery (blue; n = 15), and (C) action observation (green; n = 15) groups. Lower row. Graphical illustration of the

relationship between the magnitude of skill transfer (percentage of performance changes from the retention to the inter-manual transfer test) and the total

number of grouped (lighter points) or isolated spindles (darker points) in the (D) physical practice (red; n = 15), (E) motor imagery (blue; n = 15), and (F) action

observation (green; n = 15) groups. Scatterplots and linear trend-lines are provided. Pearson correlation coefficients (r) and associated p values are reported

for each correlation.
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rather accord with studies suggesting that AO practice may trigger different consolidation processes than

those triggered by PP, leading to different behavioral outcomes.14,41

In this way, and very interestingly, our results confirmed the potential engagement of distinct consolidation

mechanisms during sleep following PP, MI, and AO. Indeed, our findings revealed a positive relationship

between the time spent in NREM2 sleep and inter-manual skill transfer for participants in the AO group

only. We further found a positive correlation between the number of NREM2 sleep spindles and the magni-

tude of skill transfer following AOpractice, revealing the role of sleep spindle activity in thememory consol-

idation process following AO. Hence, we conjecture that sleep differently affects the representation of a

motor skill depending on prior training experience. This assumption is also supported by transfer perfor-

mance at the group level since we showed greater post-nap skill transfer following both MI and AO

compared to PP, which accords with previous studies.5,17,18,20,42 It is now well accepted in the literature

that PP of long complex sequences would mainly engage an encoding of the motor task in visuo-spatial

coordinates (i.e., effector-unspecific learning).2,5,65 In contrast, shorter sequences would mainly be en-

coded in motor coordinates (i.e., effector-specific learning).2,66,67 Therefore, PP of a short 5-element motor

sequence in our study may have primarily led to the development of an effector-specific learning of the mo-

tor skill, as reflected by impaired transfer performance compared to other practice modalities. However,

the magnitude of effector dependency of the sequence representation remains speculative, since the in-

ter-manual transfer test used in our study only assessed the visuo-spatial component (goal-based config-

uration) but not the motor component (movement-based configuration) of the motor sequence (see5,68).

Hence, the higher inter-manual skill transfer capacity found for the MI and AO groups, in comparison to

the PP group, suggests that both non-PP conditions may have led to a more abstract, visuo-spatial motor

skill representation facilitating its transfer to the unpracticed contralateral effector (see also5,42). Also, it

should be noted that both AO and MI practice may have involved a sequence of eye movements that

directly corresponds to the observed or imagined sequence of finger movements,60,69 respectively. The

reproduction of the sequence with the eyes during covert practice of the finger motor sequence may be

a possible mechanism of skill formation that could partly explain the higher inter-manual transfer capacities

in both groups, in comparison to the PP group, through a substantial transfer of the eye-movement

sequence to the unpracticed hand (oculo-manual transfer).

Our behavioral results also accord with previous neuroimaging findings showing more consistent brain ac-

tivations duringMI and AO compared to PP, in an effector-unspecific manner within a predominant premo-

tor-parietal network.8,9,70,71 In a recent neuroimaging meta-analysis, Hardwick and colleagues8 compared

the pattern of brain activations following PP, MI, and AO, and identified brain areas involved in both the

simulation of actions (MI and AO) and actual motor execution (PP) through a cortical-dominant network.

This network comprises essentially premotor, parietal, and sensorimotor regions, albeit to a lesser extent

for MI and AO. Hence, while a set of common neural structures is activated during PP, MI and AO, leading

to enhancedmotor performance and learning, the additional and specific recruitment of brain regions with
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Figure 5. Time-frequency decomposition of NREM2 sleep spindles following physical practice, motor imagery and action observation

Grand average time-frequency maps across participants for spindle events occurring at scalp electrode Pz, using epoch windows ranging from �6 s to +6 s

around spindle onsets, and illustrating the 0.2–0.3 Hz spindle rhythmicity within trains during NREM2 sleep periods following (A) physical practice (left panel;

n = 15), (B) motor imagery (middle panel; n = 15) and (C) action observation (right panel; n = 15). The color bar reflects normalized (1/f compensation) spectral
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Rapid Eye Movement.

ll
OPEN ACCESS

iScience 26, 107314, August 18, 2023 9

iScience
Article



respect to the modality of practice may be responsible for the distinct encoding strategies and behavioral

outcomes observed during the post-training, retention and transfer tests. In addition, it has been sug-

gested that sleep spindle activity promote memory consolidation through interactions of task-specific

brain regions.25,31,37,72 We thus conjecture that sleep spindles may have facilitated skill consolidation or

its generalizability through the reactivation of modality-specific brain regions during sleep (see Figure S2).

Noteworthy, since our MI population precludes the categorization between novice and expert imagers,

which are supposed to engage distinct neural mechanisms during task encoding,73,74 we cannot rule out

the potential effect of the degree of MI expertise in skill consolidation and transfer capacity.

Finally, we investigated the organization of sleep spindle activity in all practice groups, and its potential

contribution to motor skill consolidation and transfer. Interestingly, and as expected, time-frequency ana-

lyses revealed an apparent clustering and temporal occurrence of sleep spindles every 3 to 4 s in all practice

groups. Hence, such a cluster-based organization of sleep spindles in trains may be an endogenous, mo-

dality-unspecific mechanism critical for consolidating newly-formedmotor memories during sleep. In addi-

tion, and as previously shown for PP-basedmotor learning,36,37,75,76 our analyses confirm that spindles tend

to cluster on an infraslow timescale of about 50 s (�0.02 Hz) during NREM2 sleep, with a rhythmic occur-

rence of spindles during trains that follows a timescale of about 3–4 s (�0.2–0.3 Hz), irrespective of the prac-

ticemode. However, recent work identified such infraslow oscillatory patterns in cortical EEG rhythms in the

absence of prior learning,39,40 and in coordination withmodulations of the autonomic system,75,76 thus sup-

porting the notion that this phenomenon may arise in a learning-unspecific fashion. Hence, additional

correlational analyses were conducted to better assess the relevance of this cluster-based temporal orga-

nization of spindles in the memory consolidation process. To that end, sleep spindles were categorized as

grouped or isolated according to whether or not they belonged to spindle trains, respectively (see STAR

Methods). Correlation analyses revealed significant positive relationships between grouped spindles

and the magnitude of skill consolidation following PP and MI, but not AO. In contrast, a significant positive

relationship was found between grouped spindles and the magnitude of skill transfer in the AO practice

group only. No significant correlations were found between isolated spindles and the magnitude of skill

consolidation and transfer for all groups. These results extend recent findings regarding overt and covert

practice by showing that grouped spindles seemmore involved than isolated ones in the consolidation and

generalizability of motor skills acquired through physical and non-PP.11,25,27,31,37,41 Therefore, despite an

apparent modality-unspecific and cluster-based organization of NREM2 sleep spindles during the post-

learning nap, we conjecture that spindles may be involved in the sleep consolidation of motor skills through

the reactivation of modality-specific brain regions, leading to the distinct behavioral outcomes observed

during retention and inter-manual transfer performance.

It should be noted, however, that we failed to find significant relationships between the magnitude of skill

consolidation and transfer with both global and local spindle density metrics, which are commonly used in

the memory consolidation and sleep research domains.31 This is likely due to a difference in spindle activity

between a nap and a night of sleep. Indeed, substantial variations in the sleep EEG spectra (in the spindle

frequency band in particular) that depend on melatonin rhythms and endogenous circadian phases of

sleep consolidation77,78 could explain the absence of significant correlations between spindle density met-

rics and post-nap performance in our study. A density calculation over such a short sleep time may there-

fore not be adequate to quantify the direct relationship between sleep spindles andmotor memory consol-

idation (see34).

To conclude, PP, MI, and AO are effective practice modalities to learn a motor skill, with the development

of an effective memory representation during practice that undergoes further modification during subse-

quent sleep. Interestingly, our findings underline the modality-specific role of NREM2 sleep spindle activity

in motor skill consolidation and transfer. Despite an apparent similar cluster-based organization of NREM2

spindles during the post-learning nap in all groups, different behavioral outcomes are elicited during

retention and transfer performance. We show that a daytime nap offers an early sleep window that pro-

motes the consolidation and retention of the learned motor skill following PP and MI practice, while an

effector-unspecific sequence representation favoring skill transfer is consolidated after AO practice. Alto-

gether, we demonstrate that PP per se is not a pre-requisite for sleep-related consolidation of motor skills

and that the clustering of sleep spindles in trains may be an inherent memory-reprocessing mechanism for

the effective consolidation of modality-specific skill representations. Finally, given the non-physical nature

of MI and AO practice, and their sleep-related skill consolidation and transfer opportunities, our findings
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may encourage the development of non-physical training protocols for the learning of new motor skills, as

well as for the designing of innovative rehabilitation interventions such as for patients with motor deficits

having to remaster skills following physical or brain injury.

Limitations of the study

Regarding the evaluation of motor performance, we decided to administer only a single block of practice

during the retention and transfer tests, leaving little room for additional PP. It was necessary in our study to

limit the physical execution of the sequence to prevent additional training during the test phases, and

especially for the non-physical MI and AO practice groups. However, such a design implies reduced mea-

sures of RT performance and therefore greater performance variability compared to more common de-

signs using two or more blocks during testing phases.31,56

This study was also designed to prevent, or at least reduce fatigue effects, by offering rest periods of 30 s

between practice blocks and by delaying the post-test by 5 min after the end of training. Indeed, some

studies revealed that prolonged physical or mental practice may induce fatigue, negatively impacting sub-

sequent motor performance and learning.79,80 Hence, while we did not assess physical and mental fatigue

in this study, it would be of interest to control for their potential contribution tomotor skill performance and

consolidation in future studies, especially when contrasting physical and non-physical learning conditions,

using for instance the NASA-TLX questionnaire.81
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65. Kovacs, A.J., Mühlbauer, T., and Shea, C.H.
(2009). The coding and effector transfer of
movement sequences. J. Exp. Psychol. Hum.
Percept. Perform. 35, 390–407. https://doi.
org/10.1037/a0012733.

66. Kovacs, A.J., Boyle, J., Grutmatcher, N., and
Shea, C.H. (2010). Coding of on-line and pre-
plannedmovement sequences. Acta Psychol.
133, 119–126. https://doi.org/10.1016/j.
actpsy.2009.10.007.

67. Kovacs, A.J., Han, D.-W., and Shea, C.H.
(2009). Representation of movement
sequences is related to task characteristics.
Acta Psychol. 132, 54–61. https://doi.org/10.
1016/j.actpsy.2009.06.007.

68. Cohen, D.A., Pascual-Leone, A., Press, D.Z.,
and Robertson, E.M. (2005). Off-line learning
of motor skill memory: a double dissociation
of goal and movement. Proc. Natl. Acad. Sci.
USA 102, 18237–18241. https://doi.org/10.
1073/pnas.0506072102.

69. Brandt, S.A., and Stark, L.W. (1997).
Spontaneous eye movements during visual
imagery reflect the content of the visual
scene. J. Cogn. Neurosci. 9, 27–38. https://
doi.org/10.1162/jocn.1997.9.1.27.

70. Caspers, S., Zilles, K., Laird, A.R., and
Eickhoff, S.B. (2010). ALE meta-analysis of
action observation and imitation in the
human brain. Neuroimage 50, 1148–1167.
https://doi.org/10.1016/j.neuroimage.2009.
12.112.

71. Mizuguchi, N., Nakata, H., and Kanosue, K.
(2014). Effector-independent brain activity
during motor imagery of the upper and lower
limbs: An fMRI study. Neurosci. Lett. 581,
69–74. https://doi.org/10.1016/j.neulet.2014.
08.025.

ll
OPEN ACCESS

iScience 26, 107314, August 18, 2023 13

iScience
Article

https://doi.org/10.1101/2022.11.29.518200
https://doi.org/10.1101/2022.11.29.518200
https://doi.org/10.1016/j.cub.2018.03.046
https://doi.org/10.1016/j.cub.2018.03.046
https://doi.org/10.1016/j.jneumeth.2018.12.002
https://doi.org/10.1016/j.jneumeth.2018.12.002
https://doi.org/10.1093/sleep/zsac282
https://doi.org/10.1093/sleep/zsac282
https://doi.org/10.1007/s00221-011-2540-3
https://doi.org/10.1371/journal.pone.0152228
https://doi.org/10.1371/journal.pone.0152228
https://doi.org/10.1016/j.cub.2019.02.049
https://doi.org/10.7554/eLife.24987
https://doi.org/10.7554/eLife.24987
https://doi.org/10.1371/journal.pbio.1002429
https://doi.org/10.1371/journal.pbio.1002429
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1038/ncomms9729
https://doi.org/10.1038/ncomms9729
https://doi.org/10.1016/j.neuroscience.2005.10.013
https://doi.org/10.1016/j.neuroscience.2005.10.013
https://doi.org/10.1080/02724980143000389
https://doi.org/10.1080/02724980143000389
https://doi.org/10.1007/s00221-005-2275-0
https://doi.org/10.1080/1612197X.2007.9671818
https://doi.org/10.1080/1612197X.2007.9671818
https://doi.org/10.1007/s00221-009-1748-y
https://doi.org/10.1007/s00221-009-1748-y
https://doi.org/10.1038/nn1959
https://doi.org/10.1016/s0896-6273(02)00746-8
https://doi.org/10.1016/s0896-6273(02)00746-8
https://doi.org/10.1523/JNEUROSCI.1236-14.2015
https://doi.org/10.1523/JNEUROSCI.1236-14.2015
https://doi.org/10.1037/bul0000009
https://doi.org/10.1101/lm.239406
https://doi.org/10.1523/JNEUROSCI.3295-10.2010
https://doi.org/10.1523/JNEUROSCI.3295-10.2010
https://doi.org/10.1016/j.brainres.2006.03.076
https://doi.org/10.1016/j.brainres.2006.03.076
https://doi.org/10.1186/1756-0500-2-170
https://doi.org/10.1186/1756-0500-2-170
https://doi.org/10.1371/journal.pone.0026717
https://doi.org/10.1371/journal.pone.0026717
https://doi.org/10.1111/j.1460-9568.2008.06421.x
https://doi.org/10.1111/j.1460-9568.2008.06421.x
https://doi.org/10.1038/s41598-021-88142-6
https://doi.org/10.1038/s41598-021-88142-6
https://doi.org/10.1037/a0012733
https://doi.org/10.1037/a0012733
https://doi.org/10.1016/j.actpsy.2009.10.007
https://doi.org/10.1016/j.actpsy.2009.10.007
https://doi.org/10.1016/j.actpsy.2009.06.007
https://doi.org/10.1016/j.actpsy.2009.06.007
https://doi.org/10.1073/pnas.0506072102
https://doi.org/10.1073/pnas.0506072102
https://doi.org/10.1162/jocn.1997.9.1.27
https://doi.org/10.1162/jocn.1997.9.1.27
https://doi.org/10.1016/j.neuroimage.2009.12.112
https://doi.org/10.1016/j.neuroimage.2009.12.112
https://doi.org/10.1016/j.neulet.2014.08.025
https://doi.org/10.1016/j.neulet.2014.08.025


72. Laventure, S., Pinsard, B., Lungu, O., Carrier,
J., Fogel, S., Benali, H., Lina, J.-M., Boutin, A.,
and Doyon, J. (2018). Beyond spindles:
interactions between sleep spindles and
boundary frequencies during cued
reactivation of motor memory
representations. Sleep 41, zsy142. https://
doi.org/10.1093/sleep/zsy142.

73. Guillot, A., Collet, C., Nguyen, V.A., Malouin,
F., Richards, C., and Doyon, J. (2008).
Functional neuroanatomical networks
associated with expertise in motor imagery.
Neuroimage 41, 1471–1483. https://doi.org/
10.1016/j.neuroimage.2008.03.042.

74. Guillot, A., Rienzo, F.D., Collet, C., Guillot, A.,
Rienzo, F.D., and Collet, C. (2014). The
neurofunctional architecture of motor
imagery. In Advanced Brain Neuroimaging
Topics in Health and Disease - Methods and
Applications (IntechOpen). https://doi.org/
10.5772/58270.

75. Fernandez, L.M.J., and Lüthi, A. (2020). Sleep
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RESOURCES AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Arnaud Boutin (arnaud.

boutin@universite-paris-saclay.fr).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The data that support the results of this study are available from the corresponding author upon reasonable

request and under a formal data-sharing agreement.

Sleep EEGdata were processed using theMATLAB R2019b software from TheMathWorks (Natick, MA) and

the open-source Brainstorm and EEGLAB software. The codes for the detection and clustering of sleep

spindles are available at the following GitHub repositories: https://github.com/arnaudboutin/Spindle-

detection and https://github.com/arnaudboutin/Spindle-clustering. The codes used to perform other an-

alyses are available from the corresponding author upon reasonable request.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Forty-five healthy volunteers (18 females, mean age: 23.7G 4 years) were recruited by local advertisements

and were randomly and equally assigned to either a PP group (n = 15; 8 females, mean age: 22.8G 4 years),

MI group (n = 15; 6 females, mean age: 24.5G 4 years) or AO group (n = 15; 4 females, mean age: 23.9 G 5

years). These sample sizes were determined based on previous studies.32,36,56 All participants met the

following inclusion criteria: aged between 18 and 35 years, right-handed (Edinburgh Handedness

Inventory84), medication-free, without history of mental illness, epilepsy or head injury with loss of con-

sciousness, sleep or neurologic disorders and no recent upper extremity injuries. The participants were

not involved in previous procedures and were test naı̈ve. The Local Ethics Committee from the Université

Paris-Saclay (CER-Paris-Saclay-2019-057-A1) approved the experimental protocol, which conformed to

relevant guidelines and regulations. All participants gave written informed consent before inclusion. Par-

ticipants were asked to maintain a regular sleep-wake cycle the night before participation to ensure they

were not sleep-deprived, and to refrain from all caffeine- and alcohol-containing beverages 24h before

the experimentation. Participants in the MI group were also required to complete the French version

of the Movement Imagery Questionnaire-Third version (MIQ-3f)85 before starting the experimental proto-

col. The MIQ-3f is a twelve-item self-report questionnaire, in which participants are asked to perform a

given movement followed by its mental execution either by external visual imagery, internal visual imagery

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB R2016b and R2019b MathWorks https://www.mathworks.com/

Brainstorm Tadel et al.82 https://www.neuroimage.usc.edu/brainstorm/

Psychtoolbox Kleiner et al.83 http://www.psychtoolbox.org/

Detection of sleep spindles Boutin et al.31 https://github.com/arnaudboutin/Spindle-

detection

Clustering of sleep spindles Boutin et al.37 https://github.com/arnaudboutin/Spindle-

clustering
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or kinesthetic imagery. Participants rate the difficulty with two 7-point scales respectively for visual or kines-

thetic imagery, ranging from 1 (very hard) to 7 (very easy). A higher average score represents a greater im-

agery capacity. Analyses of the MIQ-3f scores are available in supplemental information (see Figure S7).

METHOD DETAILS

Experimental design and motor sequence task

Participants sat on a chair at a distance of 50 cm in front of a computer screen, equipped with a 64-channel

EEG cap. The motor task consisted of performing as quickly and accurately as possible a 5-element finger

movement sequence by pressing the appropriate response keys on a standard French AZERTY keyboard

using their left, non-dominant hand. The sequence to be performed (C-N-V-B-C, where C corresponds to

the little finger and N to the index finger) was explicitly taught to the participant prior to training.

Physical practice blocks consisted of 16 repetitions of the 5-element sequence (i.e., a total of 80 key-

presses). Each block began with the presentation of a green cross in the center of the screen accompanied

by a brief 50-ms tone. In case of occasional errors, participants were asked ‘‘not to correct errors and to

continue the task from the beginning of the sequence’’ (see86 for a similar procedure). At the end of

each block, upon completion of the 80 keypresses, the color of the green-colored imperative stimulus

turned red, and participants were then required to look at the fixation cross during the 30-s rest period.

This protocol controlled the number of movements executed per block to ensure that the same amount

of practice with the task was afforded to participants during a particular session. Stimuli presentation

and response registration were controlled using the MATLAB R2016b software from The MathWorks (Na-

tick, MA) and the Psychophysics Toolbox extensions.83

The study started at 1.00 pm to minimize the putative impact of both circadian and homeostatic factors on

individual performance levels and sleep characteristics.77,78,87 The experimental procedure was composed

of seven main phases: familiarization, pre-test, training, post-test, 90-minute nap, retention and transfer

tests (Figure 1). Before training, participants underwent a brief familiarization phase during which they

were instructed to repeatedly and slowly perform the 5-element sequence until they accurately reproduced

the sequence three consecutive times. This familiarization was intended to ensure that participants under-

stood the instructions and explicitly memorized the sequence of movements.

During the pre-test, all participants physically performed one block of the 5-element motor sequence. The

ensuing training phase consisted of 14 blocks performed with physical, observational or mental practice.

Participants in the PP group were asked to physically execute the sequence task with their left-hand fingers,

as previously described. Participants in the AO group were instructed to keep their fingers on the corre-

sponding response keys. Following the imperative green-cross stimulus and audio cue, a video of a model

performing the motor task was displayed on the screen. The model was depicted so that the observers

could see both the finger movements of the model and the green cross appearance on the screen. This

viewing angle was adopted in order to closely match the perspective view of the AO participants. An addi-

tional window inset zooming on the left-hand fingers of the model was implemented so that participants

could precisely watch fine finger movements. Participants in the AO group were free to observe both per-

spectives in an active and conscious manner while avoiding any concurrent muscular execution of the

movement (controlled online by electromyography (EMG) recording electrodes placed on the left flexor

digitorum superficialis; see section EEG-EMG data acquisition and pre-processing for details). Based on

previous motor sequence learning findings,31 performance improvements of the model across training

blocks followed the power-law of practice (mean response time between consecutive keypresses ranging

from RTBlock1 = 616 ms to RTBlock14 = 223 ms). Participants in the MI group were instructed to keep their left-

hand fingers on the corresponding response keys and their thumb on the keyboard’s space bar. When they

heard the imperative audio cue, they had to imagine themselves performing the sequence using a combi-

nation of internal visual and kinesthetic imagery, while avoiding any associated overt movements

(controlled online by similar EMG procedure as for the AO group). After completing each mentally

rehearsed sequence, they were asked to press the space bar with their thumb to objectively control for

the amount of MI practice. Each block was composed of 16 mental repetitions of the motor sequence.

Approximately five minutes after completion of the training phase, all participants underwent a post-test

phase identical to the pre-test. This session was briefly preceded by a physical warm-up phase (i.e., slow-

paced production of the sequence three consecutive times) for all groups. Following the post-test, all
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participants were administered a 90-minute nap. Ten minutes after awakening, all participants were asked

to perform again a physical warm-up phase (i.e., three slow-paced repetitions of the trained sequence)

before completing the retention and transfer test blocks. The retention test was done first and consisted

of one practice block performed with the non-dominant left hand. An inter-manual transfer test was

then carried out. Participants were instructed to perform one block on the original motor sequence but

with the unpracticed, dominant right hand.

EEG-EMG data acquisition and pre-processing

EMG recordings

Two bipolar Ag-AgCl electrodes with 10 kU safety resistor were placed at a distance of 3 cm from each

other along the belly of the left flexor digitorum superficialis. During training, the EMG signal was moni-

tored and controlled online to ensure the absence of micro finger movements for the MI and AO groups.

If the experimenter detected any muscle activity, participants were instructed to immediately relax

their hand.

EEG recordings

EEG was acquired using a 64-channel EEG cap (actiCAP snap BrainProducts Inc.). The EEG cap included

slim-type electrodes (5kU safety resistor) suitable for sleep recordings, with FCz and AFz being, respec-

tively, the reference and ground electrodes during the recordings. For reliable sleep stage scoring, we

also added electrooculography (EOG) and EMG recordings using bipolar Ag-AgCl electrodes. We

recorded the vertical EOG component by placing pairs of electrodes above and below the left eye.

EMG bipolar electrodes were placed over the chin. All EEG, EMG and EOG data were recorded using

two battery-powered 32-channel amplifiers and a 16-channel bipolar amplifier (respectively, BrainAmp

and BrainAmp ExG, Brain Products Inc.). All signals were recorded at a 5-kHz sampling rate with a

100-nV resolution. Electrode-skin impedance was kept below 5 kU using Abralyt HiCl electrode paste to

ensure stable recordings throughout all experimental phases.

EEG data were bandpass filtered between 0.5 and 50 Hz to remove low-frequency drift and high-frequency

noise, down-sampled to 250 Hz, and re-referenced to the linked mastoids (i.e., TP9 and TP10). EOG and

EMG data were bandpass filtered between 0.3-35 Hz and 10-100 Hz, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses used every participant in each experimental group (PP: n = 15; MI: n = 15; AO: n = 15).

All error measurements indicate the standard error of the means (SEM).

Behavioral analysis

RT performance was measured as the interval between two consecutive keypresses during each test block.

Also, since participants were asked to start over from the beginning of the sequence if they made any error

during task production, RTs from error trials (i.e., erroneous key presses) were excluded from the analyses.

Across all test blocks, the PP group performed 14.6 (G 1.6) accurate sequences, 14.1 (G 1.7) for the MI

group, and 14.6 (G 1.7) for the AO group (out of a maximum of 16 sequences). To better reflect individual

performance on the motor sequence task we computed mean RT performance on accurately typed se-

quences,43,44 which has been proposed as a sensitive measure of sleep-related motor sequence consoli-

dation.88 Individual RTs were then averaged to obtain an overall estimation of the performance for each

practice block. Motor skill acquisition was assessed by analyzing the RT performance changes (in percent-

ages) from the pre-test to the post-test block. Motor skill consolidation was assessed by analyzing the post-

nap retention performance changes, as indexed by the percentage of RT changes from the post-test to the

retention test. Finally, inter-manual skill transfer capacity was assessed by computing the difference (in per-

centages) between RT performance on the retention and transfer test blocks. Note that negative values

reflect impairments in skill transfer.

A one-way ANOVA with the between-subject factor MODALITY (PP, MI, AO) was first performed on the RT

data during the pre-test to ensure that the three groups did not differ at baseline performance. Then,

one-way ANOVAs were applied separately for motor skill acquisition, consolidation and transfer. The sig-

nificance threshold was set at 0.05 for all analyses. Holm post-hoc comparisons were performed in case of

significant effects or interactions.
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EEG analysis

Spindle detection

The artifact-free EEG signal was sleep-stage scored according to AASM guidelines.89 Each 30-second

epoch was visually scored as either NREM stages 1-3, REM, or wake (Table 1). The detection of spindle

events was conducted using all artifact-free NREM2 sleep epochs over the parietal site (electrode Pz), as

expression of spindles has been shown to predominate over this region following motor sequence

learning.31,32,37,45 Discrete sleep spindle events (i.e., onset and offset) were automatically detected using

a wavelet-based algorithm (see31 for further details). Spindles were detected at the Pz derivation by

applying a dynamic thresholding algorithm (based on the median absolute deviation of the power spec-

trum) to the extracted wavelet scale corresponding to the 11-16 Hz frequency range and a minimum win-

dow duration set at 300 ms31,37,90 (see25 for a review). Events were considered sleep spindles only if they

lasted 0.3-2 seconds, occurred within the 11-16 Hz frequency range and with onsets during NREM2 sleep

periods.

Spindle clustering

As recently proposed by Boutin and Doyon (2020),25 sleep spindles may be split into two categories: clus-

ters of two or more consecutive and electrode-specific spindle events interspaced by less than or equal to 6

seconds were operationalized as trains, in comparison to those occurring in isolation (i.e., more than 6 sec-

onds between two consecutive spindles detected on the same electrode). Hence, for convenience,

spindles belonging to trains were categorized as grouped spindles, and those occurring in isolation

were categorized as isolated spindles. Several variables of interest were considered: the total number of

spindles, three metrics related to spindle clustering (number of grouped and isolated spindles, number

of trains), twomeasures of spindle rhythmicity (inter-spindle interval [ISI] within trains and inter-train interval

[ITI]; in seconds), and two measures of spindle density (global density [number of spindles per minute] and

local density [number of spindles within a spindle-centered sliding window of 60 seconds]).

One-way ANOVAs with the between-subject factor MODALITY (PP, MI, AO) were applied separately for

each spindle metric. In addition, Pearson correlation analyses were performed to evaluate the relationship

between sleep spindles and the magnitude of skill consolidation and transfer. The significance threshold

was set at 0.05 for all analyses. If significant correlations were found, we used the Benjamini-Hochberg pro-

cedure to adjust the p-value and control the false discovery rate.46

Time-frequency maps

To evaluate the temporal organization of NREM2 sleep spindles, we conducted time-frequency analyses.

For each NREM2 sleep spindle detected, we extracted a 12-second time window centered on the spindle

onset. We applied for each epoch a TF decomposition across the 1-20 Hz frequency range using complex

Morlet Wavelet. Spectral resolution of the wavelet was defined with a central frequency set at 1 Hz, and

temporally with the full-width at half-maximum (FWHM) set at 3 seconds. For illustration purposes, TF

maps were normalized by multiplying the power at each frequency bin with the frequency value (1/f

compensation). To assess the statistical significance of the power variation at each frequency bin over

time, we used a two-tailed student’s t-test against a predefined baseline window for each practice group

with a significance threshold set at 0.05. The baseline was set from -2 s to -0.5 s before spindle onset. We

also conducted two-tailed independent sample student’s t-tests to evaluate between-group differences of

the power variation over time. All statistical maps were then corrected for multiple comparisons using the

Benjamini-Hochberg procedure to control the false discovery rate (Ntest = 60020 for each analysis).46 All

analyses were done using the MATLAB R2019b software from The MathWorks (Natick, MA) and the

open-source Brainstorm software.82
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