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Learning of a procedural motor-skill task is known to progress through a series of unique memory stages.
Performance initially improves during training, and continues to improve, without further rehearsal, across
subsequent periods of sleep. Here, we investigate how this delayed sleep-dependent learning is affected when the task
characteristics are varied across several degrees of difficulty, and whether this improvement differentially enhances
individual transitions of the motor-sequence pattern being learned. We report that subjects show similar overnight
improvements in speed whether learning a five-element unimanual sequence (I7.7% improvement), a nine-element
unimanual sequence (20.2%), or a five-element bimanual sequence (17.5%), but show markedly increased overnight
improvement (28.9%) with a nine-element bimanual sequence. In addition, individual transitions within the
motor-sequence pattern that appeared most difficult at the end of training showed a significant 17.8% increase in
speed overnight, whereas those transitions that were performed most rapidly at the end of training showed only a
non-significant 1.4% improvement. Together, these findings suggest that the sleep-dependent learning process
selectively provides maximum benefit to motor-skill procedures that proved to be most difficult prior to sleep.

A growing literature in recent years argues that sleep plays a cru-
cial role in learning and memory consolidation (for reviews, see
Smith 1995; Stickgold et al. 2001; Walker 2004). Perhaps the
most consistent evidence has been for sleep’s role in the devel-
opment of procedural skill memory. Specifically, sleep has been
implicated in the ongoing process of consolidation after initial
acquisition, whereby delayed learning is achieved in the absence
of further practice. Evidence of sleep-dependent procedural skill
learning has now been demonstrated across a wide variety of skill
domains, including visual (Karni et al. 1994; Gais et al. 2000;
Stickgold et al. 2000a,b), auditory (Atienza et al. 2004; Gaab et al.
2004), and motor (Smith and MacNeill 1994; Fischer et al. 2002;
Walker et al. 2002, 2003a,b; Korman et al. 2003; Robertson et al.
2004) systems.

Regarding motor-sequence learning, Walker et al. (2002)
have shown that a night of sleep can trigger significant perfor-
mance improvements in speed and accuracy on a finger-tapping
task, whereas equivalent periods of time during wake provided
no significant benefit. Furthermore, these overnight learning
gains correlated with the amount of stage-2 NREM sleep, particu-
larly late in the night. It was also shown that three nights of sleep
provide larger benefits for motor-skill performance than does
one night, and that the mechanisms of sleep-dependent learning
may be dissociable from those governing both initial practice-
dependent learning during training (Walker et al. 2003b) and
performance stabilization across periods of wake (Walker et al.
2003a). Using the same task, Fischer et al. (2002) have shown
that sleep on the first night following training is crucial for this
delayed improvement to develop, and that 8 h of sleep during
the day triggers improvements similar to those achieved follow-
ing nocturnal sleep. This report, however, described a correlation
with REM sleep and not stage-2 NREM.

Little is known, however, about the details of this sleep-
dependent learning or its generality. For example, although there
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appears to be no transfer of this sleep-dependent learning to new
motor sequences or to performance by the other hand (Fischer et
al. 2002; Korman et al. 2003), it is not clear whether sleep-
dependent learning occurs when the trained sequence requires
bimanual performance or when the sequence becomes longer
and more complex. Considering that the majority of motor
skills we acquire across the life span are of an intricate and
often multidigit and multilimb nature, it becomes particularly
germane to understand potential differences in sleep-depen-
dent learning across a spectrum of motor-skill difficulty. Simi-
larly, it is not known which aspects of the motor sequence
are actually enhanced by sleep. When one initially learns a
complex motor sequence, it is common for there to be transi-
tion points that are harder and others that are easier, and it is
unclear whether sleep benefits all of these transitions or can se-
lectively enhance either the easier or harder components of the
sequence.

In the current study, we begin to address these issues. First,
we investigate sleep-dependent motor-skill learning by varying
two characteristics of the finger-tapping task as follows: (1) the
limb complexity—either unimanual or bimanual, and (2) the se-
quence length—either five-elements or nine-elements. In the
current report, we focus primarily on differences in delayed, over-
night improvement in task performance. Because increasing the
sequence length or using a bimanual versus unimanual tech-
nique can alter the underlying neural systems recruited during
initial training-dependent performance (e.g., Andres et al. 1999;
Gerloff and Andres 2002; Grafton et al. 2002; Muller et al. 2002;
De Weerd et al. 2003), we hypothesized that as task complexity
increased, and thus the magnitude of information to be learned
was greater, so too would the ensuing overnight benefit that
sleep could provide. Secondly, on the basis of previous observa-
tions that increased motor-skill proficiency is associated with im-
proved temporal automaticity between key-press transitions
(Miller 1956; Rosenbaum et al. 1983; Sakai et al. 2003), we further
hypothesized that there would be significant changes in the mo-
tor-sequence performance profile after a night of sleep, and spe-
cifically, that the slowest transition points of the sequence (those
that were most difficult) would be selectively enhanced. To assess

Learning & Memory 705

WWW. Iearnmem.org



Kuriyama et al.

"S00°0 > (x+) ‘5070 > () 218
jutod awi snoiaaid yum patedwod () aduediyiubis Juasaidal sysuaIsy {AIS ‘sieq Joaig “(Jeq paj|y ‘s|ell 159334 934y} Jo abeIaAR) 21005 153121 By} pue ‘(Jeq uado ‘Buiurely Jo sjelsy 321y} jeuly Jo abesane)
2102s bujurenysod usamiaq uosuedwod ayy bunuasaidas ydelb teq Arewwns buipuodsailod e Aq paiuedwodde st ydedb sulj yoe3 buiuresy Jo sjeul Z | ayl ssosde uoissaibal diwyiuebo| sy uo paseq
9jes Juawaoldwi (pajejodenxa) paipald ayy syuasaidal ydesb yoes Jo aul panly ay] “(AjpAndadsal ‘g a’gy p—1) sdnoib jeyuswiiadxs noy ayy Jo ydea Joj (& ‘€—LY) S|elsd 359394 34y} 3y} buunp
pue ‘(¢ ‘z1—1 sjeu3) bujures jenul buunp s>uewsopad bupussaidal sydelb aur *das|s buimoljoy bussias buunp pue bujuiely bulnp p—| sdnoib ssosde paads ||js-10j0W Ul SAOUBIRYIQ °L d4nbig

Buuies Buuresy
EEERKE] Jsel9y -is0d #IBUL Tsogey -180d #1BUL
Buiuren —_— Buurey e ——
S99y 4504 Bz Wz W0 6 8 L 9 S ¥ & T | 13919y -jsod edoed Wog W oob 6 8 L 9§ v 8 T b
L vava LAYa \W z vV 4 b-AYa <
= 0 y [ o
n = FEb r
b = m
m m .
F B 8 €l 9 ? M
Fel 1 T =
= m G
T ¢ @
1 & 2
Sl 2 - Sh |
Ly 3 el 3
) =
L FLL
L L6l - 0c , =6l 0z
*% *¥
%6 8Z+ %c 0T+
6lg vdno¥o  (a 6-Uun  €dNoYo (0
Bujures Bujuen
JESIEN] -1s0d #euL 15919y -1s0d #1[BuL
Bujurely —— Buruies i, e —_
1919 4 -isod B w2 W0 6 8 L 9§ b o8 T |} 15010y 1504 e 2 ¥ 2z W0 6 8 L 9 S ¥ £ z
l “AYD y L-Ava Ik i LTI 1-AY@ L
~ / o
L2z o L zz )
Ing (e
i m
vz m L ve m
T » E 1)
-9z m Loz it
m m
o m
= lw)
% L8z @ 74 [
o ®
E 5
e = g Lo =
] = Lez 2
; L 26 T bze
L b it - e [T O ¥e
¥¥ ¥
%G Lh+ %L LL+
g9 zdnoyo (g Sun Ldno¥o (v

Learnin

706

g & Memory
WWW. Iearnmem.org



Sleep and motor skill complexity

this possibility, we analyzed differences in transition speeds be-
tween each of the separate key-press movements within each
sequence, before and after sleep. For example, in a unimanual
five-element sequence, such as 4-1-3-2-4, where there are four
key-press transitions, (a) from 4 to 1, (b) from 1 to 3, (c) from 3
to 2, and, finally, (d) from 2 to 4, do pre- to post-sleep changes in
the speeds of these transitions develop overnight (see Materials
and Methods and Fig. 4A-D, below)?

Results

Subjects in all groups showed significant improvement in speed
both during training and across a night of sleep, and significant
overnight reductions in error rate.

Group 1 (unimanual five-element task)

Subjects in Group 1 primarily served as a reference for Groups
2-4, performing the simplest form of the task utilizing four fin-
gers (Uni-5), as used in our previous reports (Walker et al. 2002,
2003a,b).

Practice~dependent learning

During the initial training session on Day 1, performance speed
improved 40.0% from Trial 1 (16.3 seq/trial) to Trial 12 [22.8
seq/trial; t(;4, = 5.08, P = 0.0001; Fig.1A]. There was also a 33.9%
decrease in error rate (improvement in accuracy), from 0.24 to
0.16 errors/seq, although this improvement was not significant
[ty =0.643, P=0.53].

Overnight, sleep~dependent learning

Following a night of sleep, retest performance indicated a signifi-
cant 17.7% overnight improvement in speed [t.4 = 6.23,
P <0.0001], from 22.7seq/trial posttraining (i.e., average of last
three trials of Day 1) to 26.68 seq/trial at retest (average of three
trials on Day 2) (Fig.1A). Furthermore, this increase in speed was
accompanied by a significant 47.8% reduction in error rate
[ti4) =3.73, P=0.002], from 0.15 to 0.08 errors/seq (retest,
Day 2).

Group 2 (bimanual five-element task)

In Group 2, we maintained the difficulty of the sequence length
at five elements, but increased the task complexity by imposing
the need for coordinated movements of the two hands. Subjects
were again trained on Day 1 and retested after a night of sleep on
Day 2. Note that as with the Uni-5 task, the Bi-5 task still required
the use of only four fingers; but now two from each hand.

Practice-dependent learning

Across the training session, performance speed improved by
87.7%, from 14.1 to 26.5 seq/trial [t44) =5.99, P <0.0001,
Fig.1B]. There was also a 61.3% decrease in error rate, from 0.46
to 0.18 errors/seq, but again, this difference was not significant
[tas) =143, P=0.174].

Overnight, sleep~dependent learning

When retested after a night of sleep, performance showed a sig-
nificant 17.5% improvement in speed, from 26.7 to 31.4 seq/trial
[taay = 7.22, P < 0.0001, Fig.1B]. In addition, there was a signifi-
cant 46.8% reduction in error rate, from 0.14 to 0.07 errors/seq
[retest, Day 2; t(14, = 3.38, P = 0.004].

Group 3: Unimanual nine-element task

In contrast to Group 2, subjects in Group 3 were not required to
perform cooperative movements between hands, but performed
the task unimanually, as in Group 1. However, the task complex-
ity was now increased on a different axis; the length of the se-
quence was now increased to nine elements. Note that even
though the sequence length had increased relative to Groups 1

and 2, the task still required the use of only four fingers, as with
Groups 1 and 2.

Practice-dependent learning

During the training session, a 99.0% improvement in perfor-
mance speed, from 7.1 to 14.1 seq/trial [t(,, = 10.93, P < 0.0001,
Fig.1C]. There was a 36.0% decrease in error rate, from 0.37 to
0.23 errors/seq, and again, the difference was not significant
[taz = 1.74, P=0.106].

Overnight, sleep~dependent learning

At retest following a night of sleep, performance speed showed a
20.2% improvement, increasing from 13.8 to 16.5 seq/trial
[taz) =5.21, P=0.0002, Fig.1C]. Together with this increase in
speed came a 44.6% decrease in error rate, from 0.23 to 0.12
errors/seq [retest, Day 2; t(;,) = 2.15, P = 0.027].

Group 4: Bimanual nine-element task

In Group 4, we increased the difficulty along both axes, with
subjects required not only to perform a longer nine-element se-
quence (as in Group 3), but also to execute this longer sequence
using cooperative movements of the two hands, as opposed to
using just one hand. In this configuration, subjects were required
to use eight fingers, as opposed to the four fingers used by the
other groups.

Practice-dependent learning

Across the 12 training trials, performance speed showed a 213%
increase, from 3.4 to 10.8 seq/trial [t3, =7.65, P < 0.0001,
Fig.1D; two of the 14 subjects did not achieve any complete se-
quences on the first trial, and were therefore omitted from analy-
sis]. Together with the improved speed, subjects’ error rates de-
creased significantly by 62.2%, from 1.10 to 0.42 errors/seq
[tas) =2.93, P=0.013].

Overnight, sleep~dependent learning

After the night of sleep, performance speed showed a particularly
large 28.9% improvement, increasing from 10.61 to 13.7 seq/trial
[tas) = 4.45, P < 0.0001; Fig.1D]. The night of sleep also led to a
29.9% reduction in error rate, from 0.37 to 0.26 errors/seq
[tas) = 2.13, P=0.05]. Closer examination of the post-sleep per-
formance of Group 4 (Fig. 1D) revealed that the percentage im-
provement in performance speed (relative to posttraining) dif-
fered significantly across the three retest trials [ANOVA;
F5,30)=3.58, P=0.037], with an overnight improvement of
14.2% on the first retest trial, but significantly larger improve-
ments on the second and third retest trials, of 39.8% [t,3, = 4.34,
P <0.001] and 35.0% [tq3),=2.26, P =0.041], respectively. This
difference across retest trials was not present in any of the other
three groups (P > 0.32 for each). It therefore appears that subjects
require one trial before being able to express full delayed im-
provement in the most complex task configuration. When de-
layed learning was calculated on the basis of the second and third
retest trials, the amount of overnight improvement in Group 4
was 36.4% [10.61 seq/trial posttraining Day 1 vs. 14.47 seq/trial
on Day 2 (t;3 =5.78, P <0.0001], rather than the 28.9% ob-
tained when averaging across all three retest trials.

On the basis of this analysis of the second and third retest
trials, the overnight improvement in this group was more than
twice that with the unimanual and bimanual five-element tasks.
However, it was conceivable that the most complex task configu-
ration simply was showing further practice-dependent improve-
ment, or that delayed learning was occurring across wake as well
as sleep in this more complex task. However, neither was found
to be the case. When an additional group of subjects (n = 14;
matched in age and gender) was trained on the bimanual nine-
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element task at 11am (%=1 h) and retested after an 8-h period of
wake (a period equivalent to what subjects slept in Group 4), no
significant improvement in either performance speed [11.4 seq/
trial posttraining vs. 11.5 seq/trial retest; 0.9% improvement,
tas) = 0.35, P = 0.72], or accuracy [0.24 errors/seq posttraining vs.
0.25 errors/seq retest; 4.2% deterioration, t(;3,=0.51, P=0.61)
was observed. Therefore, the larger overnight improvements in
performance on the most complex Bi-9 task version appear to
reflect a specific sleep-dependent advantage, rather than an in-
teraction of task difficulty and rehearsal or time per se.

Performance differences between groups

Although performance improved during initial training for each
group individually, the percentage of practice-dependent im-
provement from the first to the last trial showed no significant
difference across groups; either in performance speed [ANOVA;
F3,53=0.92, P=0.43], or accuracy [ANOVA; F 53, = 1.95,
P=0.13].

Whereas all groups then went on to improve significantly
overnight, it was evident that the most complex version of the
task, the Bi-9 configuration, demonstrated 50% greater speed im-
provements relative to the Uni-5, Bi-5, and Uni-9 configurations
(28.9% vs. a mean of 18.5%). When the overnight improvement
seen on the last two retest trials in the Bi-9 group was compared
with that in the other groups, significant group differences were
seen, regardless of whether the Bi-9 group data were compared
with all three trials of the other groups [F; 53, = 4.02, P = 0.012]
or to just the last two trials of the other groups [F3 s3) = 2.94,
P = 0.041]. Post-hoc tests showed the Bi-9 group to have signifi-
cantly more improvement than all other groups, whether com-
pared with all three trials (P < 0.017 for each) or to just the last
two retest trials (P < 0.038 for each) of the other groups. Differ-
ences in overnight improvement in error rate were not signifi-
cant [ANOVA; F; 53 =0.13, P=0.941), although it should be
noted that the error rate measure contains larger inherent vari-
ability than the performance speed measure.

There was also no significant relationship between the
amount of initial improvement achieved across training and the
subsequent amount of overnight improvement for either speed
of accuracy in any group (r < 0.4; P> 0.14), similar to previous
findings (Walker et al. 2003b).

To summarize these data, it is apparent that there was sig-
nificant overnight improvement for all groups, and thus, con-
figurations of the sequential task demonstrating that delayed
learning is not restricted to the simplest forms of such motor
skills. The amount of overnight improvement was similar for the
short five-element sequence, regardless of whether it required
coordination within one hand (Uni-5, four fingers) or two hands
(Bi-5, four fingers). However, increasing the sequence length to
nine elements using one hand (Uni-9, four fingers), and espe-
cially performing the most complex nine-element bimanual task
version, produced even greater overnight increases in skill speed.

Within-sequence analysis of transition speed

Whereas the overall measures of speed and accuracy exhibited
clear overnight changes in performance, it was unclear whether
there were more subtle, qualitative performance changes as well.
To assess this possibility, we analyzed differences in transition
speeds between each of the separate key press movements within
each sequence before and after sleep. For example, in Group 1,
performing the unimanual five-element sequence 4-1-3-2-4,
there are four unique key-press transitions (a) from 4 to 1, (b)
from 1 to 3, (¢) from 3 to 2, and (d) from 2 to 4 (see Materials and
Methods).

When individual subjects’ transition-speed profiles were
analyzed, it was clear that, even within groups, subjects differed
considerably in terms of which transitions were easiest (i.e., the
fastest transition) and which were hardest (i.e., the slowest tran-
sition speed or problem point). This was the case in all groups.
Similar intersubject variations have previously been reported
(Sakai et al. 2003).

For each subject, we therefore identified prior to sleep, the
fastest and slowest transition positions at posttraining (trials 10—
12). We then measured changes in speed at each of these same
transitions positions (fastest and slowest) at retesting following
the night of sleep, and asked whether both transition positions
showed similar overnight improvement, or whether sleep selec-
tively improved one of these transitions preferentially.

Interestingly, there was a clear dissociation in overnight im-
provement between the slowest and fastest transitions position
across all groups [ANOVA (Fastest X Slowest) F 53, = 19.8,
P <0.0001], with the slowest, most difficult transition (problem
point) exhibiting a consistently large and significant improve-
ment across all groups following sleep, averaging 17.8%
(P < 0.001 for each group), whereas no such improvement devel-
oped at the fastest transitions (mean improvement = 1.4%;
P > 0.12 for each group). Thus, irrespective of the task character-
istics, be it uni- or bimanual, short or long sequence, all groups
showed a selective and similarly large overnight benefit at the
slowest transition position, without any improvement at the fast-
est position. Group values and statistical analyses for each of
these transitions are shown in Table 1A, and displayed in Figure
2. Representative single-subject examples for each of the four task
configurations are shown in Figure 3.

These findings, by themselves, did not demonstrate that the
selective improvement of the most difficult transition is a prop-
erty of sleep-dependent consolidation. It might, for example, re-
flect a general property of motor sequence learning, occurring
during training as well as during sleep-dependent consolidation.
Alternatively, it might reflect consolidation processes occurring
across periods of wake as well as sleep.

To determine whether the pattern of selective improvement
seen overnight occurs during training, we repeated the analysis
of slowest and fastest transition speeds for each of the four
groups, but comparing transition speeds at the start of training to
those at the end of training. Contrary to the pattern seen over-

Table 1A. Average group values for the slowest and fastest transitions pre- and post-sleep, together with the corresponding percent

improvement overnight and the associated degree of significance

Slowest transition (problem point)

Fastest transition (easy point)

Pre-sleep Post-sleep Pre-sleep Post-sleep
Group speed (ms) speed (ms) % improv't P-value speed (ms) speed (ms) % improv't P-value
Group 1 (Uni-5) 303 247 18.5% <0.001 198 191 3.5% n.s.
Group 2 (Bi-5) 210 173 17.6% <0.001 160 159 0.6% n.s.
Group 3 (Uni-9) 328 260 20.7% <0.001 165 166 -0.6% n.s.
Group 4 (Bi-9) 490 397 19.0% <0.001 161 163 -1.2% n.s.
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Figure 2. Group difference in the overnight percentage improvement
in transition speed occurring at the fastest and slowest transition posi-
tions. Prior to sleep, the fastest transition positions and slowest transition
positions at the end of training were identified for each subject in each
group, and following a night of sleep, the percentage change at each of
these same two transitions positions was measured. A clear dissociation in
overnight improvement was evident, with all groups exhibiting a consis-
tent and large improvement following sleep for the slowest transition
(light gray bars, problem point), but no group showing significant im-
provement for the fastest transition (dark-hatched gray bars). Error bars,
SEM; Asterisks represent significance (P): (**) < 0.005; (n.s.) nonsignifi-
cant.

night, across training, all groups expressed large and significant
improvements at both the slowest and fastest transitions (Table
1B). Specifically, there was an average 47% improvement during
training for the slowest (problem point) transition (<0.001 for
each group), and a 31% improvement for the fastest transition
(<0.00S for all groups). Thus, the selective improvement of the
slowest problem-point transition was specific to the overnight
learning process, and was not seen during training.

To determine whether selective improvement could develop
across periods of wake, an additional group of subjects (n = 12;
matched in age and gender) was trained on the unimanual five-
element task in the morning (11 am + 1 h), and retested 8 h
later. Consonant with previous reports (Fischer et al. 2002;
Walker et al. 2002, 2003a; Korman et al. 2003), there was no
significant change across the 8-h waking interval in the basic
measures of performance speed, which improved just 4%
[t1)=0.88, P=0.40], or accuracy, which decreased by 25%
[ta1y = 0.55, P = 0.59]. When the within-sequence transition pro-

files were analyzed, neither the fastest nor the slowest transitions
showed significant changes in speed, with the slowest transition
showing a 0.1% difference across the waking interval [t(; 1, = 0.39,
P =0.70], and the fastest transition actually slowing by an aver-
age of 7.1% [t;,, = 1.06, P=0.30]. From these data, it appears
clear that no such selective improvement occurred in either the
fastest or slowest transitions across 8 h of wake.

In summary, the overnight consolidation of motor-skill
learning was associated with a selective improvement in key-
press transitions that were slowest and most difficult prior to
sleep, whereas transitions that were already fast prior to sleep
showed no changes. This was in sharp contrast to the patterns of
change seen across episodes of wake, where no significant
changes occurred, or during initial training, where the slowest
and the fastest transitions both show significant improvement.

Discussion

The current study focused on changes in the amount of over-
night, sleep-dependent improvement in motor-skill learning
when the task characteristics were modified across two dimen-
sions: (1) the limb complexity—either unimanual or bimanual,
and (2) the sequence length—either five elements or nine ele-
ments. We had previously reported that performance on a short,
five-element unimanual task exhibits delayed improvements in
speed and accuracy expressly across a night of sleep, and not
across equivalent waking episodes (Walker et al. 2002). Our new
results add to our previous findings (Walker et al. 2002, 2003a,b),
and those of others (Fischer et al. 2002; Korman et al. 2003) in
three important ways.

Firstly, they demonstrate that delayed, sleep-dependent
learning is not limited, for example, to a simple motor sequence
performed using the digits of one hand. Instead, delayed over-
night learning is equally expressed when both the procedural
memory load (sequence length) and movement complexities
(number of hands involved) increase. Secondly, these data sug-
gest that as the task becomes more complex, in our case with a
combined demand for a longer motor sequence and bimanual
coordination, the sleep-dependent gains actually increase. Fi-
nally, by examining more closely within-sequence reaction
times, we have demonstrated that specific motor-sequence tran-
sitions that were most difficult prior to sleep are selectively im-
proved across a night of sleep, whereas transition movements
that were most effectively mastered prior to sleep are not subse-
quently enhanced overnight. This characteristic was consistent
across all groups, irrespective of the task characteristics.

Sleep-dependent learning and motor skill complexity

Overnight learning was expressed across a variety of motor-skill
levels, using both short and long sequences requiring coordi-
nated movements either within one hand or between two. Thus,
the neural mechanisms supporting delayed sleep-dependent en-
hancement can serve a range of learning demands. The finding of

Table 1B. Average group values for the slowest and fastest transitions at the start and end of training, together with the corresponding
percent improvement across training and the associated degree of significance

Slowest transition (problem point)

Fastest transition (easy point)

Training-start Training-end

Training-start Training-end

Group speed (ms) speed (ms) % improv't P-value speed (ms) speed (ms) % improv't P-value
Group 1 (Uni-5) 403 283 29.7% <0.001 270 203 24.8% 0.002
Group 2 (Bi-5) 373 191 48.8% <0.001 260 188 28.5% 0.001
Group 3 (Uni-9) 504 253 53.4% <0.001 245 191 22.0% 0.005
Group 4 (Bi-9) 908 400 55.9% <0.001 335 172 48.7% <0.001
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Figure 3. Representative single-subject examples of the pre- and postsleep transition profiles within sequences for each of the four groups. For an
individual subject, in each of the groups (1-4, A,B,C,D, respectively), the pre-sleep transition profile (0) and the post-sleep transition profile (®) was
calculated within each sequence. Pre-sleep profiles demonstrated considerable variability, with certain transitions being particularly slow (most difficult;
problem points), whereas other transitions appear to be relatively rapid (easy). Yet, a prominent feature following a night of sleep, independent of the
group/task, was a specific reduction (improvement) in the speed of the slowest problem-point transition, whereas the faster transitions prior to sleep

showed a lack of consistent improvement following sleep.

delayed overnight improvement across a range of task difficulty
only strengthens the hypothesis that a similar sleep-dependent
mechanism underlies the mastering of many real-life complex
motor skills, from learning to play musical instruments and mas-
tering the coordinated movements in sports to refining surgical
skills and learning motor patterns for intricate cognitive opera-
tions such as speech articulation. Moreover, it is perhaps no
longer an unreasonable extrapolation to suggest that sleep plays
an important role in the functional recovery of motor skills fol-
lowing brain insults such as stroke.

Differential degrees of improvement and motor

skill complexity

Although intense investigation has focused on the nature and
complexity of practice-dependent motor-skill learning (for re-
views, see Willingham 1998; Hikosaka et al. 2002), this study is
the first to have examined subsequent differences in delayed
learning across sleep. Whereas all groups showed significant
overnight performance improvements, comparisons between
groups suggested that the beneficial effects of a night of sleep
were subtly different across these different task-complexity lev-
els. Interestingly, and partially contrary to our initial hypothesis,
little difference in overnight improvement was found between
groups learning unimanual and bimanual five-element se-
quences (Uni-5 and Bi-5, respectively), with only a modestly
greater improvement in the group learning the unimanual nine-
element sequence (Uni-9), even though there were changes in
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both the memory load and the degree of between-limb coordi-
nation. However, the most complex version of the task, the bi-
manual nine-element sequence (Bi-9), showed a considerably
larger change in performance speed, with the amount of over-
night improvement being 63% greater than that of Uni-5 and
Bi-5 groups. It should be noted, however, that error rate did not
decrease as much in Group 4, and thus, a speed accuracy trade off
cannot be discounted, although no significant difference was
found between error rates across all groups.

Mechanistically, we consider two possible, nonmutually ex-
clusive explanations for the larger overnight improvement in
Group 4. The first is that alterations in the magnitude of sleep-
dependent learning are determined by the different task charac-
teristics, but in a nonlinear, composite manner, meaning that
changing one axis of task difficulty alone (i.e., from a unimanual
to bimanual, or from a short to long sequence) does not trigger
greater overnight learning. Instead, both of these characteristics
have to be increased together (i.e., a bimanual, long-sequence
configuration) for a significant difference to be seen.

The second possibility, and one which we favor, is a more
mechanistic determinant of differences in learning, relating to
the degree of plasticity. Although task characteristics were differ-
ent in groups 1-3, the total number of digits used to perform the
task was identical—four fingers—in each of the groups. In con-
trast, subjects in Group 4 were required to utilize not only coop-
erative movements between hands, and cope with a high
memory load, but also had to use all eight digits. As such, the
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extent of cerebral networks representing this memory would be
considerably greater, as would be the ensuing degree of potential
plasticity.

The latter hypothesis is supported by several lines of physi-
ological evidence, in animals and humans, indicating that bi-
manual complex movements engage somewhat different neural
systems in cortical (Gordon et al. 1998; Kazennikov et al. 1999;
Jancke et al. 2000; Toyokura et al. 2002; Nair et al. 2003) and
subcortical (Wannier et al. 2002) regions, as well as in the cer-
ebellum (Tracy et al. 2001). Furthermore, on the basis of the
known somatotopy of the motor cortex and cerebellum (Rijntjes
et al. 1999; Kurth et al. 2000; Beisteiner et al. 2001), the size of
networks involved in controlling movements appears to vary as
a function of the number of digits used in task performance.
Taken together, these findings suggest that a bimanual task, in-
corporating all eight fingers, would not only engage a more ex-
tensive cortical, subcortical, and cerebellar system, but also de-
mand a greater area of involvement within these regions in terms
of coding the memory representation, perhaps proportional to
the increased number of digits used. As such, the network size of
the memory representation, and thus, the potential for sleep-
dependent synaptic plasticity, would be considerably greater in
the Bi-9 task using cooperative movements across eight fingers.
This hypothesis is corroborated by the considerably greater
amount of overnight improvement in speed in the Bi-9 group,
relative to the other three groups using only four fingers. Future
functional anatomical studies of the sleep-dependent differences
between these task configurations will add much to such conjec-
tures.

Differential degrees of improvement and

within-sequence transitions

A host of previous reports have described the appearance of un-
even spacing in the timing of key-press transitions within motor-
sequence patterns—a phenomenon that has been termed
“chunking” (Rosenbaum et al. 1983; Verwey and Dronkert 1996;
Graybiel 1998; Sakai et al. 2003; Stocker and Hoffmann 2004).
The implication is that large motor-sequence patterns are ini-
tially learned in smaller subsequences, each of which is processed
as a single memory unit, indicative of a motor-sequence learning
hierarchy. In a recent study, Sakai et al. (2003) reported evidence
of chunking or uneven temporal sequence performance at differ-
ent positions of the sequence in different subjects, even though
they were learning the same sequence. This would suggest that
individual subjects chunk the same sequence differently during
practice-dependent learning.

We discovered similar evidence of subject-specific chunking
of a sequence, punctuated by distinct slowing at individual prob-
lem points within the sequence. Remarkably, following a night
of sleep and its associated learning benefits, the within-sequence
transition profile was radically different, with subjects’ slowest
transitions (most difficult) being specifically improved relative to
their fastest transitions. Thus, although the slowest problem-
point transitions improved in speed overnight by an average of
19%, the fastest transitions showed only 1% improvement, and
the gap between fastest and slowest transitions was decreased by
over a third. Thus, transitions within the motor sequence that
were initially most difficult appeared to be preferentially im-
proved overnight. That this is not due to a ceiling effect is made
clear by analysis of data from a previous study (Walker et al.
2003b, Group 3), where subjects received twice the amount of
initial training on Day 1 in the Uni-5 protocol. In this case, the
fastest transition speeds measured after a night of sleep averaged
145 msec, >30% faster than the one seen in Group 1 in the
current study.

This pattern of preferential overnight improvement of the
slowest problem point transition was not evident in an addi-
tional group of subjects trained in the morning and retested after
an 8-h waking interval, demonstrating no significant improve-
ment in either the fastest or slowest transitions. Moreover, this
preferential pattern of improvement was also absent across initial
training in all four groups, with the slowest and fastest transi-
tions showing similar improvements.

On the basis of these additional comparisons, it is clear that
the selective improvement of the most difficult key-press transi-
tions does not develop either during initial training or across an
extensive period of posttraining wake. From these findings, we
therefore consider the most reasonable explanation for the pref-
erential overnight improvement of the most difficult transition
as being specifically related to the process of sleep-dependent
memory enhancement itself (Fischer et al. 2002; Walker et al.
2002, 2003a,b).

In the context of the chunking framework, it is interesting
to speculate that the sleep-dependent learning process provides a
greater degree of motor-program automatization, resulting not
only in faster transitions within the sequence, but more uniform
transitions as well. If correct, this would indicate that the sleep-
dependent learning mechanism may involve amalgamating dis-
parate subsequence memory units into a larger single memory
representation. Furthermore, this characteristic overnight im-
provement at the slower problem points, regardless of sequence
length or cooperative movement complexity, suggests that the
normalization of key-press transition speeds is a pervasive prop-
erty of the sleep-dependent learning process.

Conclusions

When the degree of motor-skill complexity, both in terms of
memory load (a nine-element sequence vs. a five-element se-
quence) and extent of movement coordination (bimanual vs.
unimanual), was altered, overnight learning occurred across all
levels of task complexity, suggesting the sleep-dependent
memory enhancement is not limited to simple motor-skill learn-
ing. In addition, although overnight improvement was common
across all task configurations, the most complex combination of
motor-skill complexity (the bimanual nine-element task) exhib-
ited significantly greater delayed benefit, with performance
speed being more than twice that of the simpler unimanual five-
element task. This effect may be mediated by the degree of po-
tential plasticity, as twice the number of digits were used to en-
code this memory representation in the bimanual nine-element
group.

When performance profiles within sequences were exam-
ined, pre-sleep transition speeds were seen to be uneven, with
some key-press transitions appearing to be easy (fast) and others
problematic (slow), as if the entire sequence was being parsed
into smaller subsequences. After a night of sleep, however, these
problematic slow transitions were preferentially improved, sug-
gesting that the sleep-dependent learning process involves the
unification of smaller memory units into one single memory
element.

In this study, we asked how sleep-dependent overnight im-
provement on a simple finger-tapping motor-sequence task var-
ied locally, within the motor sequence (transition speeds), and
globally, with the complexity of the task (number of key-presses,
fingers, and hands required). In each case, we found that the
fundamental characteristics of motor-sequence learning that
were the most difficult (be it the complexity of the Bi-9 sequence
or, on a smaller scale, the slowest key-press transitions) showed
the greatest overnight improvement, and raises the possibility
that this reflects a more general strategy used by the brain during
sleep-dependent learning and memory processing.
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Materials and Methods

Participants

A total of 57 healthy right-handed subjects
between the ages of 18 and 31 [mean
22.5 = 1.22 (SD); 40 females] were assigned
in a balanced order to four different groups
(see below). Subjects had no prior history of
drug or alcohol abuse, neurological, psychi-
atric, or sleep disorders, and were maintain-
ing a regular sleep schedule. Subjects were
instructed to be drug-, alcohol-, and caf-
feine-free for 24 h prior to and during the
study period. All studies were approved by
the local human studies committee, and all
subjects provided written informed con-
sent.

Motor-skill task

Four different forms of the sequential fin-
ger-tapping task were used, corresponding
to the four different experimental groups
(Groups 1-4; see Fig. 4 and below for de-
tails). Subjects performed the task using a
standard PC keyboard, typing the desig-
nated sequence repeatedly and as quickly
and as accurately as possible for a period of
30 sec (Walker et al. 2002, 2003b). The nu-
meric sequence was displayed at the top of
the screen at all times to exclude any work-
ing memory component to the task. Each
key press produced a white dot on the
screen, forming a row from left to right,
rather than the number itself, so as not to
provide accuracy feedback, with the pro-
gram recording the key-press response.
Training consisted of 12, 30-sec trials
with 30-sec rest periods between trials, thus
lasting a total of 12 min. The performance
from the first trial of the training session
was taken as the baseline measure, whereas
the average scores from the final three trials
were taken as the posttraining performance.
At the subsequent retest following sleep,
subjects performed three 30-sec trials of the
same sequence separated by 30-sec rest pe-
riods, with the scores again being averaged.

Performance measures

Performance was evaluated using overall
trial-performance measures, as well as sub-
tler measures of within-sequence perfor-
mance. Overall measures were the same two
variables used in our previous studies, those
being (1) the number of correctly typed se-

quences per 30-sec trial (Speed), and (2) the number of errors
made relative to the number of correctly typed sequences per

30-sec trial (Accuracy).

The more detailed, within-sequence measure assessed the
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Figure 4. Motor-skill task configurations representing each of the four different experimental
groups. The four different task configurations (corresponding to the four experimental groups)
were varied across two different task characteristics — the limb complexity and the sequence length.
(A) Group 1 performed a unimanual five-element configuration (four fingers, using one hand), (B)
Group 2 performed a bimanual five-element configuration (four fingers, using two hands), (C)
Group 3 performed a unimanual nine-element configuration (four fingers, using one hand), and
(D) Group 4 performed a bimanual nine-element configuration (eight fingers, using two hands).
For each sequence, individual transitions between successive key-press responses were mapped
alphabetically, providing a within-sequence transition profile for each subject in each of the re-
spective groups.

Experimental groups

The 57 subjects were assigned to four experimental groups, all of
which were trained at 1 PM on Day 1, and following one night of
sleep, were retested at 1 PM on Day 2 (24 h posttraining).

time intervals between successive key presses within the se-

quence (Transition Speed), for example, the interval between
pressing the first and second key of the sequence, or between the
fourth and fifth key (see Fig. 4). This measure is therefore able to
provide a temporal profile of the key-press transition speed for
each individual subject performing the same sequence.

For measuring overnight improvement, average perfor-
mance on the last three of the 12 training trials was compared
with average performance on the three trials at retest. For mea-
suring the transition speed changes during initial training, the
average performance on the first two trials of training (training-
start) was compared with the average performance on the last

two trials of training (training-end).
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Group I: Unimanual five-element (Uni-5, n = 15)

Subjects were instructed to press four numeric keys on a standard
computer keyboard with the fingers of their left hand, repeating
the five-element sequence, 4-1-3-2-4, as quickly and as accurately
as possible, for periods of 30 sec. Thus, four fingers on one hand
were used (Fig. 4A).

Group 2: Bimanual five-element (Bi-5, n = 15)

Subjects again had to press four numeric keys on the keyboard,
but now were required to use fingers from both hands, repeating
the five-element sequence, 4-6-1-7-4, as quickly and as accurately
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as possible, for a period of 30 sec. Thus, four fingers were used;
two from each hand (Fig. 4B).

Group 3: Unimanual nine-element (Uni-9, n = 13)

Subjects pressed four numeric keys on the keyboard with the
fingers of their left hand as in Group 1, but repeated a longer
nine-element sequence, 4-1-3-2-1-3-2-1-4, as quickly and as ac-
curately as possible, for periods of 30 sec. But only four fingers on
one hand were used (Fig. 4C).

Group 4: Bimanual nine-element (Bi-9, n = 14)

Subjects had to press eight numeric keys on the keyboard, using
four fingers from each hand, repeating the nine-element se-
quence, 4-6-1-7-3-2-5-8-4, as quickly and as accurately as possible.
In this case, eight fingers, four on each hand, were used (Fig. 4D).

Sleep quality and alertness

At each training and retest session, subjects completed the Stan-
ford Sleepiness Scale, a standard measure of subjective alertness
(Hoddes et al. 1973). As expected, there were no significant dif-
ferences in the ratings of alertness, either between groups
[F3,53) = 0.119, P = 0.948] or between the 2 d within any of the
groups (P > 0.39). The amount of overnight sleep obtained by
subjects in each group was documented with sleep logs, and av-
eraged 7.6 h (+£1.15; SD) across the experimental night. There
was no significant difference between groups in the amount of
reported sleep [F3 53, =1.774, P = 0.163].

Statistical analysis

Analyses were carried out with one-way and two-way ANOVAs
with post-hoc comparisons, paired and two-sample two-tailed
Student’s t-test, and Pearson’s correlation coefficient.
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