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Abstract: Implicit skills learning such as riding a bicycle and playing 
a musical instrument play a central role in daily life. Such skills are le-
arned gradually and are retained throughout life. The learning of motor 
skill occurs with practice, but skill can also increase between sessions, 
a process termed ‘‘off-line learning’’. In this research, Participants were 
tested on an implicit version of the Alternating Serial Reaction Time Task 
and re-tested 6, 24 or 72 h later. ANOVA revealed signifi cant off-line 
motor skill improvement participants responding faster at the beginning 
of Session 2 than at the end of Session 1. The elapsed time between the 
two sessions infl uenced the improvement of motor skill improvements 
as well. Thus, participants’ response speed improved more after the 24-, 
72hr than after the 6-hr. The subsequent paired-samples t-tests conducted 
separately for all delay groups revealed that the off-line improvement 
of motor skill was signifi cant in all groups (p< .05), and in all groups 
the 6, 24, 72-hr delay led to off-line enhancement (p< .05).This de-
monstrates that implicitly acquired skills can increase between sessions 
and the process occurs over hours. These fi ndings are consistent with 
theoretical accounts of procedural skill learning such as the procedural 
reinstatement theory as well as with previous studies of retention of 
other motor skills.
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Introduction

Skill learning can be differentiated by phases (rapid and slower), modalities, and 
whether or not it is conscious (implicit and explicit) (1, 2). Implicit learning can be 
examined by exposing people to subtle regularities (3) and is said to occur if indivi-
duals improve in the speed and/or accuracy of their responses to predictable events 
and yet are unable to describe such regularities (4). Implicit skill learning occurs 
when information is acquired from an environment of complex stimuli without con-
scious access either to what was learned or to the fact that learning occurred (3, 1). 
In everyday life, this learning mechanism is crucial for adapting to the environment 
and evaluates events unconsciously (1). This ubiquitous process plays a role in skills 
ranging from language acquisition (5) to social intuition (6), which involve extracting 
predictable words from speech streams and non-verbal cues from social interactions, 
respectively (7).

Motor learning depends on practice, in the so-called “online” periods, but also 
continues to develop over time after practice has ended, during the so-called “off-
line” periods (8). The “off-line” process known as memory consolidation, and the 
behavioral outcomes of this process are observable when skills are recalled at a later 
time (9-12). These “offl ine” processes improve your game and your understanding 
of this essay, and more generally, enhance adaptive behavior. A memory passes thro-
ugh at least three key milestones in its development: initially it is encoded, then it is 
consolidated, and fi nally it is retrieved (9, 12). 

This notion has been solidifi ed, in recent decades, by numerous studies which 
clearly indicated that a learning experience-dependent phase of protein synthesis 
constitutes a critical step in the establishment of long-term memory at the cellular 
level (13-15). The leading paradigm in cellular and molecular studies of memory 
consolidation is the interference paradigm whereby a post-training manipulation (phar-
macological, electrophysiological or behavioral) is used to defi ne the time-window of 
the various sub-processes of consolidation (13, 15). Recent studies, however, suggest 
the notion that in terms of behavior, two different measures may refl ect consolidation 
processes sub serving the evolution of long-lasting procedural memory: the time-de-
pendent transformation of the effects of training into a robust form which cannot be 
interfered with by subsequent experience (13,16), but also the evolution of delayed 
gains in performance. Although the time-windows at which these two measures of 
consolidation may somewhat differ, there are clear indications that interference does 
interact with the evolution of delayed gains in performance (11, 13, 16, 17).

During consolidation a memory can undergo both quantitative and qualitative 
changes. A memory may be enhanced, demonstrated by a quantitative increase in 
performance, or it may be stabilized, demonstrated by becoming quantitatively less 
susceptible to interference (10, 18-20). A memory can also undergo qualitative chan-
ges: there can be a shift in the strategy used to solve a problem or the emergence of 
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awareness for what had earlier been learned (18, 21). Although there is a rich diver-
sity in the behavioral expression of consolidation, each of these examples may rely 
upon the same underlying computation. Consolidation is measured as a change in 
performance between testing and retesting. Contrasting fi nal performance at retesting 
against an initial baseline provides a direct measure of “offl ine” performance changes 
that occur during consolidation (10, 18, 20). Consolidation-based enhancement has 
been observed in perceptual skills (22, 23), in motor skills (12, 13, 24), and in the 
behaviors of trained musicians (25) and novices (9) practicing motor tasks relevant 
to music performance. Despite extensive evidence supporting memory consolidation 
hypotheses, there remain a number of inconsistencies regarding the behavioral effects 
of these phenomena. For example, performance enhancements have been found to 
develop across sleep and waking hours for certain types of procedural tasks (20, 22, 
26). Signifi cant enhancements in motor skill performance also have been observed 
only moments after skill practice ends, prior to extended periods of consolidation 
(8). Hotermans and colleagues (2006) reported in their study a signifi cant “boost” 
in motor sequence performance when practice resumed following a rest interval of 
either 5 or 30 min (8). An  assessment  performed  in closer  proximity  to  the  prac-
tice  bout  (immediate  retention  test) may  not refl ect the  effi cacy  of  consolidation  
processes  that  evolve over  the  4–6  h  post-practice  and  over  a  night’s  sleep.  
Although there  is  no  current  consensus  on  the  best  timing  for  administering a 
delayed retention  assessment,  the  typically used 24 h retention assessment  seems  
to  be  more  pragmatic  for  experimental  purposes and  meets  the  criteria  from  an  
understanding  of  consolidation processes  presented  here.  In  real-world  settings  
such  as  sports and  therapy,  this  window  is  often  more  than  24  h  and refl ects 
a  cumulative  effect  of  practice (27).

Studies on the time course of skill consolidation indicate that there is a “critical 
period” after the learning phase, which is necessary for the stabilization of memory 
traces (1). This time period depends on the task demand, and it varies from 1 to 2 hr 
(18), to 5 hr (28), or 6 hr (12). Using the serial reaction time (SRT) task, which is a 
widely known sequence learning paradigm, one study found that the off-line enhance-
ment increased with the length of delay (29). In this SRT study, no enhancement was 
found 1 hr after the learning phase, but signifi cant enhancement was observed after 
4 hr, which further increased after 12 hr. These results suggest that off-line learning 
may be a dynamic process. However, this study examined only a shorter stretch of 
time, so the question can be raised, what happens in skill consolidation after more 
than 12 hr (1). In other study, Individuals who perform a simple motor tracking task, 
the rotary pursuit task, show improved performance after a brief interval of only 15 
min between testing and re-testing, an effect termed ‘‘reminiscence’’ (29,30).

Despite the results of previous studies that found greater improvement after 
longer off-line periods (more after 12 hr compared with 4 hr), it is less plausible that 
this is true for 6-, 24-, and 72-hr delays as well. Therefore, we aim to determine a 
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time point in a longer stretch of time at which improvement can still be observed in 
implicit skill learning consolidation. 

Methods

Participants: All subjects signed informed consent. Sixty young healthy 
right-handed (mean age=23.53 years, SD=3.02; 60 female) took part in the expe-
riment. They were randomly assigned to the 6-, 24-hr, or 72-hr delay group. The 
age and education of participants were controlled. Participants did not suffer from 
any developmental, psychiatric, or neurological disorders did not have sleeping 
disorders, and all reported having 7–8 hr of sleep a day. All participants provided 
signed informed consent agreements and received no fi nancial compensation for 
their participation.

Procedure: There were two sessions in the experiment to examine the off-line 
changes of implicit skill learning: a learning phase (Session 1) and a testing phase 
(Session 2) separated by a 6-, 24-, or 72hr interval off-line period (see Figure 1). 
Previous studies with similar tasks and experimental designs showed no time of day 
effect either on general RTs or on learning measures (1, 20, 29, 31); the time of testing 
was however controlled in our study.

Alternating Serial Reaction Time Task (ASRTT): The ASRTT was performed 
on an iMac computer with a 40 inch monitor. The stimuli, apparatus and procedure 
were similar to those used previously (1, 31). Participants were instructed to place 
their middle and index fi ngers of each hand on the keys marked ‘z’, ‘x’, ‘.’, and ‘/’, 
respectively. The keys corresponded to four equally spaced circles on the computer 
screen. See Figure 2 for a graphical representation of the task. On each trial, one circle 
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became black and remained so until the participant pressed the key corresponding to 
this target. After a delay of 120 milliseconds, the next target appeared. Participants 
completed eight epochs of fi ve blocks. Each block consisted of 10 random trials fo-
llowed by 80 learning trials. These 80 trials consisted of 10 repetitions of an eight-
element sequence, in which random trials alternated with pattern trials (e.g.1r2r3r4r 
where 1–4 refer to the spatial position, left to right, and r refers to a randomly selected 
position). Participants took a brief break after each block and a longer break halfway 
through the session, between epochs 4 and 5. The data from the fi rst 10 random trials 
of each block were not analyzed (1, 4, 31).

 

Six patterns were counterbalanced across participants (1r2r3r4r, 1r2r4r3r, 
1r3r2r4r, 1r3r4r2r, 1r4r2r3r and 1r4r3r2r). Since the repeating pattern forms a con-
tinuous sequence, these six patterns include all permutations of the four alternating 
events. The computer was programmed to guide participants to an accuracy level of 
about 92% via an end�of�block visual display. If accuracy for a block was above 
93%, the computer displayed ‘focus more on speed’, and if accuracy was below 91%, 
the computer displayed ‘focus more on accuracy’ (1, 4, 31).

During Session 1 (learning phase), the ASRT task consisted of 25 blocks, with 
85 stimuli in each block. For practice purposes, the locations of the fi rst fi ve stimuli 
of each stimulus block were always random. These were followed by the eight-ele-
ment sequence (e.g., 1R2R3R4R) repeating 10 times (1, 4). Following the design of 
Howard and Howard (1997), stimuli were presented 120 ms after the response to the 
previous stimulus. Between stimulus blocks, the subjects received feedback about their 
overall RT and accuracy presented on the screen, and then they had a rest period of 
between 10 and 20 s before starting the next stimulus block. Session 2 (testing phase) 
consisted of only fi ve stimulus blocks of the same type as in Session 1 (1, 31). The 
computer program selected a different ASRT sequence for each subject based on a 
permutation rule such that each of the six unique permutations of the four repeating 
events occurred with equal probability (1, 31). The repeating sequence was identical 
between Session 1 and Session 2 for each participant.
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To explore how much explicit knowledge subjects acquired about Alternating 
Serial Reaction task, we administered a short questionnaire (1, 32) after the testing 
phase. None of the participants reported noticing the sequences in Alternating Serial 
Reaction Task (4, 32).

Statistical analysis: To facilitate data processing, stimulus blocks were organized 
into larger clusters (called epochs); where the fi rst epoch contained blocks 1–5, the 
second epoch blocks 6–10, etc. (1,4). Consequently, Session 1 consisted of 5 epochs, 
whereas Session 2 consisted of 1 epoch (1). The median RTs were averaged across 
blocks to obtain a mean of the median RT for each epoch (4).

The data were analyzed with repeated measure ANOVA with epochs (5 epochs 
in Session 1) as within-subject factor and delay type (4, 24, 72hr) as between subject 
factors in learning phase and ANOVA with session (last epoch of Session 1 versus 
the fi rst epoch of Session 2) as within-subject factor and delay type (4, 24, 72hr) as 
between subject factors in testing phase. Signifi cant main effects and interactions 
were analyzed using pair wise comparisons, with Bonferroni adjustment for multiple 
comparisons.

Results

In learning phase, a 5 (epochs) ×3 (4, 24, 72hr delay) ANOVA on the combined 
Session1 data revealed a signifi cant main effect of epoch for RT, F(4, 228)=263.59, 
p=.0001, such that people became faster over all with practice, refl ecting motor skill 
learning but neither the main effect of delay type, F(2, 57)= 0.134, P=.87, nor the delay 
type×epoch interaction, F(8, 228)=1.20, p=.29, reached signifi cant and There was no 
signifi cant difference in skill level at the end of session 1 across groups (P > 0.1). 

In testing phase, the amount of off-line learning, defi ned as a change in skill 
between sessions (last epoch of Session 1 versus the fi rst epoch of Session 2). ANOVA 
revealed signifi cant off-line motor skill improvement (indicated by the main effect of 
session: F (1, 57) = 171.46, p <.00001) participants responding faster at the beginning 
of Session 2 than at the end of Session 1. The elapsed time between the two sessions 
infl uenced the improvement of motor skill improvements as well (indicated by the 
Session × Delay interaction: F (2, 57) = 13.23, p = .001). Thus, participants’ response 
speed improved more after the 24-, 72hr than after the 6-hr (least signifi cant differen-
ce post hoc test:  p =  .004), whereas there was no difference between the 24-hr and 
72-hr delay conditions (p = .59). The subsequent paired-samples t-tests conducted 
separately for all delay groups revealed that the off-line improvement of motor skill 
was signifi cant in all groups (p < .05), and  in all groups the 6, 24, 72-hr delay led to 
off-line enhancement (p< .05) (see fi gure 3).



43THE TIME COURSE OF OFF-LINE FOR CONSOLIDATION IN IMPLICIT MOTOR SEQUENCE...

Figure 3. RTs for correct responses as a function of epochs in 3 experimental groups for the 
Alternating Serial Reaction Time Task, Each epoch consists of fi ve blocks of 80 learning 
trials.

Discussion

We studied the time course of implicit skill consolidation in young adults. The 
present fi ndings demonstrate that sequence motor skills acquired in the Alternating 
Serial Reaction Time Task can be retained after 6-, 24-, 72hr. In this study, overall 
RT was faster at the beginning of Session 2 than at the end of Session 1 (epoch 5), 
consistent with the conclusion that at least some retention of sequence motor skill 
occurred.

We suggest that passage of time is essential for a maximum benefi t of practice 
to be gained, as the time delay may allow for consolidation of learning, possibly 
refl ecting plastic changes in motor cortical representations of the skill (33). It is also 
possible that the improvement in overall RTs after the delay period refl ects a release 
from fatigue rather than consolidation per se. However, studies that have included 
that a fatigue control group makes this interpretation unlikely (1, 32). 

These results are congruent with recent theories of motor skill consolidation (11, 
20, 28, 29) that claim that memory stabilization occurs during the fi rst 5–6 hr after 
learning. The observed strong off-line improvement after 6 hr may refl ect this fi rst 
stabilization process of memory traces, including the previously mentioned critical 
time period (1). The results demonstrate that the development of skill can continue 
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over an interval in the absence of continued practice and that the process occurs 
over hours (29). The nature of the paradigm used helps to eliminate a number of 
potential confounding factors: (1) fatigue; (2) motor imagery; (3) diurnal factors; (4) 
varying levels of awareness of the task. The fi ndings suggest that the improvement 
in performance between sessions is related to an active off-line mechanism rather 
than resolution of fatigue. Fatigue could build up with exposure to a task and then 
dissipate over a delay, thereby improving performance without any actual improve-
ment in skill (30). These results argue strongly against fatigue as a basis for off-line 
learning on the ASRTT. The task compares sequential trials to random trials imme-
diately following and fatigue would be expected to affect both trial types equally. 
Further, fatigue should be fully dissipated after an hour and we saw the majority of 
the skill improvement after 1 h. Another potential confounding mechanism is motor 
imagery. When subjects mentally rehearse a task, they activate similar networks as 
compared to actually performing the task and their performance is enhanced (29, 34). 
In the current paradigm, participants could not spend the interval between testing and 
re-testing either using motor imagination or physical practice to improve their skill, 
because participants were not even aware that they had acquired a novel skill. Diurnal 
factors are also unlikely to affect the expression of skill. The measure of skill in this 
sequence-learning task, the difference between the random and sequential response 
times, lessens any diurnal effect upon skill. Individuals generally develop the same 
amount of skill on this task regardless of the time of day they perform it ((8, 29) but 
see also (35)). Finally, different levels of awareness in the groups could confound the 
results. Those tested at longer intervals may have acquired more explicit knowledge 
of the sequence, allowing them to demonstrate increased skill at session 2. But par-
ticipants showed not levels of awareness in a free recall test (29). These fi ndings are 
consistent with the ‘‘procedural reinstatement theory’’ that posits that skills are well 
retained to the extent that the perceptual, motor and cognitive procedures underlying 
their learning are reinstated at test (4, 36).

Other studies (37) conclude that implicit sequence learning is retained after 1 or 
2 weeks, Willingham and Dumas (1997) conclude that it is not retained over a lon-
ger 1-year interval, even when the original procedures were reinstated at retest (38). 
However, the present results indicate that implicit sequence learning is retained for 
72hr. Willingham and Dumas (1997) outline several possible reasons why retention of 
sequence knowledge was not revealed in their study, two of which are considered here. 
First, since a number of participants showed evidence of declarative knowledge, it is 
possible that learning the simple repeating pattern tapped into the declarative system 
which, although developing more quickly, lasts for a shorter time than procedural me-
mory does (29, 38). Thus declarative learning of the simple repeating pattern may have 
interfered with procedural learning. However, since Willingham and Dumas (1997) 
found no sequence retention, even when the individuals with declarative knowledge 
were removed, this cannot fully account for their null fi ndings (29, 38).
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Second, a more likely explanation for the lack of retention that Willingham and 
Dumas (1997) consider is that their participants may not have had enough training 
for long-term retention to occur. In their experiment individuals received only 40 
repetitions of the pattern in the initial session. They point out that this is much less 
practice than had been used where long-term retention of implicit skill is observed, and 
it may not be suffi cient for retention of sequence knowledge after 1 year. In order to 
test this hypothesis, participants could receive more training. However, in the simple 
repeating SRTT, with extended practice, individuals become increasingly aware of the 
regularity and the explicit declarative system plays a larger role in learning. Even with 
only 40 pattern repetitions (480 trials), Willingham and Dumas (1997) reported that 
over half of the participants had some level of declarative knowledge, as assessed by 
post-learning free recall and sequence-recognition tests. Therefore simply extending 
practice does not allow unbiased evaluation of the long-term effect of practice in the 
SRTT context (4).

In the present study, using the ASRTT paradigm, participants responded to a 
subtle pattern that repeated 2000 trials during session 1. Our fi ndings are consistent 
with their conjecture that long-term retention of implicit sequence skill in the SRTT 
requires extensive practice prior to the retention interval. This possibility is consi-
stent with evidence from other well-remembered procedural tasks that often require 
extensive practice to learn and remember (14, 28, 32) as well as with the procedural 
skills we learn in everyday life, such as riding a bike or learning natural language 
grammar (4).

In conclusion, we have shown 6-, 24-, 72 hr retention of sequence procedural 
skills in the ASRTT for younger people. This fi nding is consistent with theoretical 
accounts of the procedural memory system and the procedural reinstatement theory 
as well as with previous demonstrations of long-term motor skill retention using 
other tasks (4). 

Based on these results, therapists, coaches and educators can design more effec-
tive educational, training, and rehabilitation programs for disorders and learners. But 
Critical questions remain: does consolidation occur with other implicit motor tasks 
and what are the factors and neural mechanisms that contribute to such long-term 
retention of the tasks.

References

1.   Nemeth, D., Janacsek, Karolina. The Dynamics of Implicit Skill Consolidation in Young 
and Elderly Adults. Journal of Gerontology: Psychological Sciences, 2010, 10: 1093.

2.   Doyon, J., Bellec, P., Amsel, R., Penhune, V., Monchi, O., Carrier, J.,  Lehericy, S., & 
Benali, H. Contributions of the basal ganglia and functionally related brain structures 
to motor learning. Behavioral Brain Research, 2009, 199: 61–75.



46 MEDICINSKI GLASNIK / str. 37-47

3.  Reber, A. S. Implicit learning and tacit knowledge: An essay on the cognitive unconsci-
ous. New York: Oxford University Press, Inc. 1993.

4.  Romano Bergstrom, JC., Howard, JH, Howard, DV. Enhanced Implicit Sequence Learning 
in College�age Video Game Players and Musicians. Applied Cognitive Psychology, 
2012, 26: 91–96.

5.   Kuhl, P.K. Early language acquisition: cracking the speech code. Nat. Rev. Neurosci, 
2004, 5, 831–43. 

6.  Lieberman, M.D. Intuition: a social cognitive neuroscience approach. Psychol. Bull,  
2000, 126: 109–37.

7.  Bennett, IJ., Maddenb, DJ., Vaidyaa, CJ., Howard, JH., Howard, DV. White matter inte-
grity correlates of implicit sequence learning in healthy aging. Neurobiology of Aging, 
2011, 32: 2317.e1–2317.e12.

8.  Hotermans, CH.,  Peigneux, PH., Noordhout, AM, et al. Early boost and slow consoli-
dation in motor skill learning. Learning & Memory, 2006, 13: 580-583.

9.  Cash, CD. Effects of Early and Late Rest Intervals on Performance and Overnight Con-
solidation of a Keyboard Sequence. Journal of Research in Music Education, 2009, 57: 
252  –266.

10.  Walker, M. P. A refi ned model of sleep and the time course of memory formation. Be-
havioral and Brain Sciences, 2005, 28: 51–64.

11.  Walker, M. P., Brakefi eld, T., Hobson, J. A., & Stickgold, R. Dissociable stages of human 
memory consolidation and reconsolidation. Nature, 2003, 425: 616–620.

12.  Walker, M. P., Brakefi eld, T., Seidman, J., Morgan, A., Hobson, J. A., & Stickgold, R. 
Sleep and the time course of motor skill learning. Learning and Memory,  2003, 10: 
275–284.

13.  Hauptmanna, B., Reinhart, E.,Brandt, SA., Karni, A. The predictive value of the leveling 
off of within-session performance for procedural memory consolidation. Cognitive Brain 
Research, 2005, 24:181– 189.

14.  Karni, A., Sagi, D. The time course of learning a visual skill.  Nature, 1993, 365: 
250–252.

15.   McGaugh, JL. Memory-A century of consolidation, Science, 2000, 287: 248–251.
16.  Brashers-Krug, T.,  Shadmehr, R., Bizzi, E. Consolidation in human motor memory. 

Nature, 1996, 382: 252– 255.
17.  Korman, . M., Raz, N., Flash, T., Karni, A. Multiple shifts in the representation of a 

motor sequence during the acquisition of skilled performance. Proc. Natl. Acad. Sci, 
2003 , 100: 12492– 12497.

18.  Robertson, EM. From Creation to Consolidation: A Novel Framework for Memory 
Processing. PLoS Biology, 2009, 7: 11-19.

19.  Krakauer, JW., Shadmehr R. Consolidation of motor memory. Trends Neurosci, 2006,  
29: 58-64.

20.  Robertson, EM., Pascual-Leone, A., Miall, R. Current concepts in procedural consoli-
dation. Nat Rev Neurosci, 2004, 5: 576-582.

21.   Fischer, S., Drosopoulos, S., Tsen, J., Born, J. Implicit learning – Explicit knowing: A 
role for sleep in memory system interaction. J Cogn  Neurosci, 2006, 18: 311-319.



47THE TIME COURSE OF OFF-LINE FOR CONSOLIDATION IN IMPLICIT MOTOR SEQUENCE...

22.  Atienza, M., Cantero, JL., Dominguez-Marin, E. The time course of neural changes 
underlying auditory perceptual learning. Learning and Memory, 2002, 9: 138–150.

23.  Atienza, M., Cantero, JL., Stickgold, R. Post training sleep enhances automaticity in 
perceptual discrimination. Journal of Cognitive Neuroscience, 2004, 16: 53–64.

24.   Kuriyama, K., Stickgold, R., & Walker, M. P. Sleep-dependent learning and motor-skill 
complexity. Learning and Memory, 2004, 11: 705–713.

25.  Allen, S. Procedural memory consolidation in musicians. Manuscript submitted for 
Publication, 2008.

26.   Simmons, A. L., & Duke, R. A. Effects of sleep on performance of a keyboard melody. 
 Journal of Research in Music Education, 2006, 54: 257–269.
27.   Kantak, SS., Winstein, CJ. Learning–performance distinction  and  memory  processes  

for  motor  skills:  A focused review and perspective. Behavioral Brain Research, 2012, 
228: 219–231.

28.   Shadmehr, R., & Brashers-Krug, T. Functional stages in the formation of human long-
term motor memory. Journal of Neuroscience, 1997, 17: 409–419.

29.   Press, DZ., Casement, MD., Pascual-Leone, A., Robertson, E M. The time course of 
off-line motor sequence learning. Brain Research. Cognitive Brain Research, 2005, 25: 
375–378.

30.   Eysenk, H.  A three-factor theory of reminiscence.  J Psychology, 1965, 56, 163– 181.
31.   Howard, J. H., & Howard, D. V. Age differences in implicit learning of higher order 

dependencies in serial patterns. Psychology and Aging, 1997, 12: 634–656.
32.  Song, S., Howard, JH., Howard, DV. Sleep does not benefi t probabilistic motor sequence 

learning. Journal of Neuroscience, 2007, 27: 12475–12483.
33.  Savion-Lemieux, T.,  Penhune, VB. The event of practice pattern on the acquisition, 

consolidation, and transfer of visual-motor sequences. Exp Brain Res, 2010, 204: 
271–281.

34.   Solodkin, A.,  Hlustik, P., Chen, EE., Small, SL. Fine modulation in network activation 
during motor execution and motor imagery. Cereb Cortex, 2004, 14: 1246–1255.

35.  Cajochen, C., Knoblauch, V., Wirz-Justice, A., Krauchi, K., Graw, P., Wallach, D. Cir-
cadian modulation of sequence learning under high and low sleep pressure conditions. 
J Behav  Brain Res, 2004, 151: 167– 176.

36.   Healy, AF., Wohldmann, EL., Parker, JT., Bourne, LE.  Skill training, retention, and 
transfer: The effects of a concurrent secondary task. Memory & Cognition, 2005b, 33: 
14571471.

37.  Knopman, D. Long-term retention of implicitly acquired learning in patients with 
Alzheimer’s disease. Journal of Clinical and Experimental Neuropsychology, 1991, 13: 
880-894.

38.   Willingham, DB., Dumas, JA. Long-term retention of a motor skill: Implicit sequence 
knowledge is not retained after a one-year delay. Psychological Research, 1997, 60:113-
119.


