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How does the time of day of a practice session affect learning of a new motor sequence in the elderly? Participants practiced

a given finger tapping sequence either during morning or evening hours. All participants robustly improved performance

speed within the session concurrent with a reorganization of the tapping pattern of the sequence. However, evening-trained

participants showed additional gains overnight and at 1 wk posttraining; moreover, evening training led to a further reor-

ganization of the tapping pattern offline. A learning experience preceding nocturnal sleep can lead to a task-specific move-

ment routine as an expression of novel “how to” knowledge in the elderly.

[Supplemental material is available for this article.]

The ability to acquire new procedural (“how to”) knowledge, in-
cludingnewmotor skills, is often reduced in older adults. The long-
term performance enhancement and task mastery are the product
of a good lesson (online learning) that has been successfully con-
solidated (offline learning) (Korman et al. 2003). Previous findings
suggest that the online gains attained during practice and the ca-
pacity to express additional offline gains afterwardmay be uneven-
ly affected by aging.

The ability to improve performance online during the train-
ing session is generally well preserved in older adults (Durkina
et al. 1995; Howard et al. 2004; Yan et al. 2010; Ehsani et al.
2015; Korman et al. 2015). However, their ability to retain, and
moreover to further improve offline between sessions is oftenham-
pered (Tucker et al. 2011; Wilson et al. 2012). This is of impact on
the ability to acquire new lasting skills, as the offline gains are con-
sidered a product of successfully completedmemory consolidation
processes (Spencer et al. 2007; Terpening et al. 2013; Backhaus et al.
2016). Offline processes are subject to the effect of different states
during the postlearning interval (e.g., wake and sleep) (Walker and
Stickgold 2010) and subsequent activities thatmay exertmnemon-
ic interference effects (Korman et al. 2005, 2007, 2015). Altogether,
the decline in offline learning may be related to several factors: (1)
age-dependent changes in neuroplasticity (King et al. 2013, 2017),
(2) a higher selectivity (“gating”) in the elderly for what is to be re-
tained in long-termmemory (Korman et al. 2015), and (3) blunted
circadian rhythms and changes in sleep quality and architecture
(Hood and Amir 2017).

In a recent study, following amultisession training on a finger
tapping sequence task, we found that elderly participants who
trained in the evening hours had significantly lower forgetting
rates over a 6-mo period, than participants receiving morning
training (Gal et al. 2019). That implies that evening training in
the elderly may better engage (and sustain) memory consolidation
processes and thus result in a more robust skill representation.
Here, we tested this hypothesis, in the same participants as in

Gal et al. (2019), by analyzing changes in performance that occur
overnight and 1 wk after the first session of evening or morning
practice.

Detailed description of the methods has been published else-
where (Gal et al. 2019). In short, differences in online (within ses-
sion) and offline (posttraining) learning were assessed following
practice on a given five-element sequence (4–1–3–2–4) in two
groups of healthy morning-oriented participants (60–75 yr old,
N = 14/group). The sequence was tapped repeatedly using the
keys of an ergonomic response box with the left, nondominant,
hand, “as fast and accurately as possible.” The practice session con-
sisted of 14 blocks, separated by 30-sec breaks, with 60 key presses
in each block (equivalent to 12 repetitions of the sequence).
Performance was retested overnight (24 h) and a week later
(1 wk) to evaluate offline gains and their persistence. All sessions
were conducted at the same time of day for the same participant ac-
cording to the group assignment:morning (Morn, 8–10:30 a.m.) or
evening (Eve, 6–9 p.m.). Performance was assessed in terms of
mean block duration, within-sequence duration (that is, mean
time to complete four sequence transitions [4–1, 1–3, 3–2, 2–4]),
and between-sequence transition (4–4) time. These parameters
were averaged across four consecutive blocks at the beginning
(start) and end (end) of the training session, as well as at 24-h
and a 1-wk retests. As the accuracy was very high, all analyses
were conducted on the correctly performed complete sequences.
Learning gains were assessed using a repeated measure approach
with time point (online learning: start and end; offline learning:
end, 24 h and 1 wk) as a within-subject factor and group as a
between-subject factor. Two-tailed t-tests were used to directly
compare between the gains attained by each group. Detailed statis-
tics are provided in Supplemental Material 1.
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Time of day effects in online learning
Overall, no differences were observed between the Morn and the
Eve groups in the online learning phase. The training session was
very effective in both groups, with block duration decreasing
from an average of 44.48±3.02 to 33.16±2.46 sec (start and end,
respectively), with a significant effect of time points (F(1,26) =
45.30, P<0.001, ɳ2 = 0.64) (Supplemental Material Fig. 1). There
was, however, no significant effect of group (F(1,26) = 0.52, P=
0.479) or group× time point interaction (F(1,26) = 1.20, P= 0.284)
(Fig. 2A, online gains). Given the differences between individual
participants’ absolute performance, we also compared the individ-
ually normalized gains. On average, the gains in block duration at
end-training relative to start-training (percentage) were somewhat
larger in the Morn group (22.39%±3.11%, 27.06%±3.57%; Eve
and Morn groups, respectively) but the difference was not signifi-
cant (t(26) =−0.99, P=0.334).

The online gains in block duration were the product of short-
ening in both the within-sequence duration and the between-
sequence transition time (F(1,26) = 42.22, P< 0.001, ɳ2 = 0.62;
F(1,26) = 41.26, P<0.001, ɳ

2 = 0.61, respectively) (Fig. 1A,B). There
was neither a significant effect of Group nor significant group×
time points interaction on either interval type (see the full statisti-
cal report in Supplemental Material 1; Supplemental Tables;
Supplemental SM-Fig. 1).

Time of day effects in offline changes in performance
There were additional, offline, improvements in block duration by
the 24-h and 1-wk retests compared with the end-training perfor-
mance (F(2,52) = 6.93, P=0.002, ɳ

2 = 0.21), with no significant effect
of group (F(1,26) = 0.78, P=0.385) or group× time point interaction
(F(2,52) = 1.54, P=0.224). Nevertheless, the normalized offline im-
provements (gains relative to the end-training performance, in per-
centage) at the 24-h (9.13%±2.99%) and 1-wk (13.12%±3.51%)
retests were significant in the Eve group (t(13) = 3.05, P=0.009;
t(13) = 3.73, P=0.003, respectively) but not in the Morn group
(4.24%±3.57%, t(13) = 1.19, P=0.257; 3.07%±5.11%, t(13) = 0.60,
P=0.558 at 24 h and 1 wk, respectively) (Fig. 1A, right bars, inset).
Because these results suggest a dichotomy in the offline improve-
ment, a theoretically important observation, we further explored
the likelihood of gains across the consolidation interval using
Bayesian one-way repeated ANOVA with three time points (end,
24 h and 1 wk). The Bayes factor in the Morn group suggested an-
ecdotal evidence for H0 (BF=0.16), while the evidence for H1 in
the Eve group was extremely strong (BF= 157.65).

Both the within-sequence duration and the between-
sequence transition time improved offline (F(2,52) = 5.81,
P = 0.005, ɳ2 = 0.18; F(2,52) = 4.49, P=0.016, ɳ

2 = 0.15; respectively).
For the between-sequence transition, but not the within-sequence
duration, there was a significant interaction of group× time point
(F(2,52) = 3.72, P=0.031) (Fig. 1, offline). Indeed, the effect of
time point was significant in the Eve group only (F(2,26) = 13.61, P
<0.001, ɳ2 = 0.51). Moreover, at both 24 h and 1 wk postlearning,
the groups differed in their offline improvements at the 24 h and 1
wk (t(26) = 2.23, P=0.034; t(26) = 2.70, P=0.012, respectively) (Fig.
1B, offline).

Tapping patterns
Mean durations between each two consecutive sequence key press-
es of the sequence were computed for each performance block.
These mean values compose the individual within-sequence tap-
ping pattern at a given block (see representative individual exam-
ples, Fig. 2A,B). Changes in strategy of sequence execution,
which presumably reflect changes in the representation of the
task (Povel and Collard 1982), were estimated by analyzing chang-
es in the tapping pattern of the sequence in reference to the pattern
attained at the end of practice (block 14) (Gabitov et al. 2017,
2019a,b). The end of the practice session was chosen as a reference
because this allowed direct assessments of the changes in the rep-
resentation of the trained sequence during both online and offline
learning phases. In each group, the Fisher’s transformed Pearson’s
correlation coefficients with the mean tapping pattern generated
during block 14 were calculated for all other, preceding or succeed-
ing, performance blocks.

During training, the degree of similarity to the tapping pat-
tern formed by the end of training progressively increased (F(1,26)
= 21.53, P<0.001, ɳ2 = 0.45). There was no significant effect of
group (F(1,26) = 0.51, P=0.483) or a significant time point × group
interaction (F(1,26) = 0.13, P=0.719), suggesting that time of train-
ing did not affect the course and the magnitude of the online
changes in the tapping pattern (Fig. 2C).

Across the two offline intervals, there was amarginally signifi-
cant trend for a time point effect (F(2,52) = 2.96, P=0.061, ɳ

2 = 0.10)
but a significant effect of group (F(1,26) = 4.80, P=0.038, ɳ

2 = 0.16).
Moreover, there was also a significant time point × group interac-
tion (F(2,52) = 3.96, P=0.025, ɳ2 = 0.13), suggesting that time of
day in which training was afforded affected the course and the
magnitude of the offline changes in the tapping pattern in favor
of the Eve group (Fig. 2C).

BA

Figure 1. The time course and the learning gains in the Eve (blue) and Morn (orange) groups for within-sequence duration (A) and between-sequence
transition (B). Group averages of all performance blocks (lines) and time points (markers) representing the mean of four performance blocks during the
online (start to end) and offline (end to 24 h and 1 wk) learning phases are shown. (Insets) Gains in performance at 24-h and 1-wk retests relative to
the end of training (percentage). Bars indicate standard error of the mean (S.E.M.). (**) P<0.05.
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Post-hoc analyses of the tapping pattern for each group, sep-
arately, showed a significant effect of time point across the offline
intervals for the Eve group (F(2,26) = 8.46, P=0.001, ɳ

2 = 0.39), but
not the Morn group (F(2,26) = 0.05, P=0.952) (Fig. 2E). The differ-
ence between the groups in the correlation indices vis à vis the
end of training was marginally significant at 24 h (t(26) =−2.00, P
=0.056); however, at 1-wk retest the difference was highly signifi-
cant (t(26) =−3.37, P=0.002). Note that the significant decrease in
the correlation in the Eve group does not imply that the tapping
pattern of the sequence at 24-h and 1-wk retests becamemore sim-
ilar to the initial pattern before any training was afforded. In fact,
the tapping patterns at the 24-h and 1-wk retests, in both groups,
differed significantly from the initial pattern (Supplemental
Material 2; Supplemental SM-Fig. 2).

Finally, we tested the relationship between changes in tap-
ping patterns and gains in performance in the general sample, us-
ing bivariate Spearman correlations. There was a significant
correlation between gains in between-sequence transition and
z-scores of the tapping pattern at 1 wk (r=−0.516, P=0.005), indi-
cating that larger performance gains in the between-sequence tran-
sition were associated with greater change in the tapping patterns

(Supplemental SM-Fig. 3). There were no significant correlations
between gains in block duration or within-sequence duration
and changes in the tapping pattern.

Note that it is unlikely that differences in offline changes be-
tween groups are related to differences in post-training sleep qual-
ity or quantity, or chronotype (see Supplemental Material 3).

The results of the current study indicate that while in terms of
speed (fluency) the two groups showed comparable levels of perfor-
mance, significant offline gains were expressed only by the Eve
group.Moreover, following consolidation period, there was a qual-
itative difference between the groups in the way the movement se-
quence was generated. These findings suggest that time of day,
wherein a novel sequence of finger movements is practiced, can
constitute a significant factor in the ability ofmorning-type elderly
to benefit from offline learning.

The gains in within-sequence duration were independent of
the time of day of training. The small advantage in speed after
Eve training was found to be related to a shortening of the
between-sequence key press intervals—a measure considered to
represent sequence planning time (Friedman and Korman 2012,
2016). Moreover, significant qualitative changes occurred in the

B

C D E

A

Figure 2. Changes in the tapping pattern (vector of four within-sequence transitions). Changes in the tapping pattern for two representative partici-
pants from Morn (A) and Eve (B) groups. Mean interkey transitions of the sequence (connected with thin colored lines) for each block during the
online (training) and following the offline phases (24-h and 1-wk retests) are shown. The shape of each line illustrates a tapping pattern for a single
block. The last training block is represented by thick dashed red line (the “seed” reference block) in all panels. Group averages of individual normalized
Pearson correlation coefficients (bars) between tapping patterns at the end of practice (14-th block—black arrow) and each block during the practice
(blocks 1–13) and 24-h and 1-wk retest are shown for Morn (C) and Eve (D) groups. (E) Differences in the changes of the tapping pattern between
the groups. Mean correlation coefficients across the initial and final four blocks of the training session and each retest. Bars indicate standard error of
the mean (S.E.M.). (*) 0.1 > P>0.05, (**) P<0.05.
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tapping pattern (vis à vis the pattern attained at the end of the ses-
sion but also compared with the initial sequence tapping pattern)
overnight in the Eve, but not in the Morn group; these qualitative
changes were well maintained (and even enhanced) a week later.
We conjecture that these differences in the offline reorganization
of the movement routine may account for slower forgetting rates
that were observed in the same Eve group participants at the
7-mo retest after the completion of the multisession training pro-
tocol (Gal et al. 2019). In order to gain insight into the nature of
underlying processes and their effect on memories, changes in
the tapping pattern should be considered together with changes
in performance speed (Gabitov et al. 2017; Gabitov et al. 2019a).
The significant correlation between the offline gains in between-
sequence transition time and changes in the tapping pattern at
1-wk retest suggests a faster selection of the required action (next
sequence) due to the newly formed/reorganized representation of
the task (Diedrichsen and Kornysheva 2015).

The current results support the notion that shifts in represen-
tations of trainedmovement sequences occur offline when consol-
idation processes triggered by the training experience take place
(Korman et al. 2003; Gabitov et al. 2019a). Moreover, these consol-
idation phase processes in older adults are more effective following
evening practice, perhaps because of its proximity to sleep (Tucker
et al. 2011; Korman et al. 2015). Circadian effects may also be at
work although it has been suggested that motor performance
may be less prone to circadian effects (Schmidt et al. 2015); implicit
memory retrieval may, in fact, be better at off-peak than at peak
alertness hours in both the young and elderly (May et al. 2005).

The current results suggest that distinct changes in the tempo-
ral organization of individual sequence elements and a general re-
organization of the tapping patterns, as it has been proposed by
previous studies in younger adults (Korman et al. 2003; Friedman
and Korman 2016; Gabitov et al. 2019a), can also occur in older in-
dividuals. In this population, the potential for change in temporal
organization of sequence elementsmay be constrained by the time
of day of the learning experience or/and its proximity to
sleep (Spencer et al. 2007; Korman et al. 2015; Backhaus et al.
2016). Altogether, scheduling a single motor practice session to
evening hours should be considered in planning interventions to
enhancemotor abilities in the healthy elderly and even in the con-
text of rehabilitation protocols to promote better long-term skill
consolidation.
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