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Post-training meditation has been shown to promote wakeful
motor memory stabilization in experienced meditators. We in-
vestigated the effect of single-session mindfulness meditation on
wakeful and sleep-dependent forms of implicit motor memory
consolidation in mediation naïve adults. Immediately after im-
plicit sequence training, participants (N = 20, 8 females, Mage =
23.9 years ± 3.3) completed either a 10-minute focused attention
meditation (N = 10), aiming to direct and sustain attention to
breathing, or a control listening task. They were then exposed to
interference through novel sequence training. Trained sequence
performance was tested following a 5-hour wakeful period and
again after a 15-hour period, which included sleep. Bayesian in-
ference was applied to group comparison of mean reaction time
(MRT) changes across training, interference, wakeful and post-
sleep time points. Relative to control conditions, post-training
meditation reduced novel sequence interference (BF10 = 6.61)
and improved wakeful motor memory consolidation (BF10 =
8.34). No group differences in sleep consolidation were evident
(BF10 = 0.38). These findings illustrate that post-training mind-
fulness meditation expedites wakeful offline learning of an im-
plicit motor sequence in meditation naïve adults. Interleaving
mindfulness meditation between acquisition of a target motor
sequence and exposure to an interfering motor sequence re-
duced proactive and retroactive inference. Post-training mind-
fulness meditation did not enhance nor inhibit sleep-dependent
offline learning of a target implicit motor sequence. Previous
meditation training is not required to obtain wakeful consolida-
tion gains from post-training mindfulness meditation.
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Introduction
Training, often referred to as on-line learning is commonly
accepted as being essential for motor skill acquisition. How-
ever, skill acquisition is not strictly limited to the actual
time spent training. Rather, following training, offline learn-
ing processes continue to contribute to motor skill learning
(Robertson, Pascual-Leone, & Miall, 2004). These offline
learning processes are assumed to include motor memory
consolidation.
Motor memory consolidation has been described as involv-
ing both offline memory stabilization and enhancement (Im-
mink, 2016; Korman et al., 2007). Memory stabilization is
associated with reduced susceptibility of newly formed mo-

tor memory to subsequent interference (Robertson, Pascual-
Leone & Miall, 2004; Walker & Stickgold, 2004). Stabiliza-
tion processes are thought to be critical in the first 6 hours
after training to ensure newly formed motor memories are
not degraded or interfered with by performance of other mo-
tor tasks (Shadmehr & Brashers-Krug, 1997; Walker et al.,
2003). Stabilization is exemplified by long-term maintenance
of performance at equivalent levels observed at the end of
training (Walker, 2005). In contrast to stabilization, offline
enhancement is characterized by performance improvement
relative to the end of training following a period without fur-
ther training (Walker & Stickgold, 2004).
A framework for motor memory consolidation has been of-
fered that suggests memory stabilization can emerge during
wakeful non-practice periods in the hours that follow train-
ing, whereas performance enhancement from consolidation
relies on exposure to a period of sleep following training
(Diekelmann & Born, 2007; Walker, 2005). More recent
findings propose that a night of sleep is not required to pro-
mote memory consolidation (Brokaw et al., 2016; Mednick et
al., 2003; Nishida & Walker, 2007). Instead, napping (Med-
nick et al., 2003; Nishida & Walker, 2007) as well as some
wakeful activities such as aerobic exercise (Rhee et al., 2016;
Roig et al., 2012) and cognitive tasks (Brown & Robertson,
2007) have been shown to support offline improvements. Im-
portantly however, the emergence of wakeful and sleep re-
lated consolidation is not only influenced by activities under-
taken following training but also by the degree of awareness
of task features within the practiced motor skill (King et al.,
2017); that is, whether the learned motor skill is of explicit or
implicit nature. Knowledge of the learned nature of the task
or explicit learning is thought to provide for sequence learn-
ing enhancements when a period of sleep is involved (De-
bas et al., 2010; Fischer et al., 2002; Walker et al., 2002),
compared to a period of wakefulness showing no enhance-
ment. And contrastingly, under implicit learning conditions
(i.e. with no awareness of the learning requirement involved
in the task) off-line enhancements have emerged only over
wakefulness (Robertson, Pascual-Leone, & Press, 2004).
It is not yet fully understood how post-training wakeful in-
terventions may support motor memory consolidation. How-
ever, a unifying theme that has emerged across the demon-
strations involving post-training interventions such as exer-
cise, cognitive task performance and mindfulness meditation
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is attention control, and more specifically, these tasks require
a heightened level of attention control to perform. Motor
learning is known to rely on attentional resources (Dayan &
Cohen, 2011) and since goal-oriented tasks involve cogni-
tive control processes needed to regulate attention (Chan et
al., 2017), the addition of a goal-orientated task post-training
might benefit motor memory consolidation through mecha-
nisms of attention control.

For example, Brown and Robertson (2007) demonstrated that
performing a word recall task following motor skill train-
ing provided performance enhancement when the skill was
tested following a wakeful period. Word recall task perfor-
mance has been associated with increased attention demands
(Hertel & Rude, 1991) and more broadly, cognitive tasks are
commonly accepted as requiring attention control. Induce-
ment of motor memory consolidation through post-training
aerobic exercise (Rhee et al., 2016; Roig et al., 2012) may
also be related to eliciting attentional control. Rhee et al.
(2016), for example, described the exercise task as being per-
ceived by the performer as another task that requires atten-
tion. More broadly, there is agreement that acute bouts of
exercise elicit increased executive function including atten-
tion (Chang et al., 2012; Colcombe & Kramer, 2003; Et-
nier et al., 1997; Lambourne & Tomporowski, 2010; Tom-
porowski, 2003). Exercise might rely on increased attention
allocation as part of maintaining exercise performance goals
(e.g., pace, intensity level) which might require monitoring
interoceptive information (McAuley et al., 2011; Schücker et
al., 2013). The importance of attention in exercise is clearly
demonstrated by impaired exercise performance when atten-
tion resources have been depleted by a preceding cognitive
task (Marcora et al., 2009).

One additional post-training wakeful intervention that has
recently been shown to support motor memory consolida-
tion, mindfulness meditation, appears to more directly impli-
cate attention control as important for offline gain (Immink,
2016). Rather than relaxation, meditation has been described
as a goal-oriented cognitive task (Chan et al., 2018; Immink
et al., 2017). Importantly, meditation explicitly targets the
manipulation of attention, since the goal of meditation is to
direct and sustain attention to an object or experience such as
body sensations or breathing (Malinowski, 2013; Tang et al.,
2015), and thus meditation can be considered a form of at-
tentional cognitive training. To achieve this goal, meditation
techniques rely on engagement of attention control processes
(Chan et al., 2020; Chan et al., 2017; Chan et al., 2018; Im-
mink, 2016; Immink et al., 2017; Malinowski, 2013; Tang et
al., 2015). As cognitive tasks, bouts of exercise and mindful-
ness meditation can be conceived as goal-oriented tasks, and
these post-training interventions might have a shared capac-
ity to support wakeful motor memory consolidation through
eliciting increased attention control (Colzato et al., 2013;
Colzato et al., 2017; De Bruin et al., 2016).

Like exercise and cognitive task performance interventions,
attention control might be a phenomenon that is able to ex-
plain meditation as a potential regulator in motor memory
consolidation. Attention is a central component of medi-

tation practice, where the training of attention brings about
the ability to maintain non-judgmental awareness of one’s
thoughts, feelings and experiences – a primary aim of med-
itation (Malinowski, 2013). Maclean et al. (2010) showed
improved sustained attention in experienced meditators with
intensive (5hr/day for 3 months) meditation practice. Others
have shown that intensive practice with experienced medi-
tators is not necessarily required to elicit improvements in
attention control. Norris et al. (2018) show that a brief 10-
minute audio guided meditation improves attention alloca-
tion in novice meditators. This was established through in-
creased event-related brain potential (ERP) N2 amplitudes
which are implicated in attention control. Chan et al. (2020)
had novice meditators complete 22-minute daily sessions of
focused-attention meditation (FAM) over 21 days prior to a
serial reaction time task (Nissen & Bullemer, 1987). Partici-
pants who completed FAM demonstrated faster reaction time
(RT) performance and augmented N2 amplitudes over ante-
rior and central regions during the SRTT, indicating that FAM
can foster changes in neuronal activity related to improved
self-regulation of attentional control (Moore et al., 2012).

Performance gains from motor memory consolidation as a
result of increased demand for attention control may be as-
sociated with recruitment of anterior cingulate cortex (ACC)
and dorsolateral prefrontal cortex (DLPFC) during medita-
tion (Cahn & Polich, 2006). Using neuroimaging, Baerentsen
et al. (2001) has shown mindfulness meditation to reflect
state increases in both anterior cingulate cortex (ACC) and
dorsolateral prefrontal cortex (DLPFC) activity. These ef-
fects have also been replicated in other studies using alterna-
tive methods of meditation (Lazar et al., 2000; Newberg et
al., 2001). In the context of FAM, DLPFC activity is thought
to be involved in repeatedly redirecting or sustaining atten-
tion to object focus (Lippelt et al., 2014); and similarly, the
ACC is thought to be involved in the refocusing of attention.
As Hasenkamp et al. (2012) highlighted, as the mind starts
to wander during meditation, the ACC plays a role of ‘error’
detection and provide feedback to executive control networks
(Lippelt et al., 2014). The DLPFC has also been implicated in
the consolidation of procedural skills (Tunovic et al., 2014).
By modifying corticospinal excitability with theta burst stim-
ulation to the DLPFC, a consistent relationship was found
between corticospinal excitability and offline improvements.
Specifically, corticospinal changes differed in the context of
implicit and explicit sequence learning tasks. For exam-
ple, implicit motor sequences produced no change in corti-
cospinal excitability and provided for subsequent offline im-
provements over wakefulness, whereas following the explicit
motor sequence task, corticospinal excitability was reduced,
allowing for no offline improvements. However, continu-
ous stimulation applied to the DLPFC following the explicit
task eliminated the decrease in corticospinal excitability and
therefore induced substantial offline improvements (Tunovic
et al., 2014).

Research investigating the role of meditation state effects
on neural activity using electroencephalography (EEG) has
revealed fluctuations in both alpha and theta band activity
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(Cahn & Polich, 2006; Larson et al., 2013). Evidence of in-
creased alpha power has been shown during FAM and open
monitoring (OM) meditations (Lee et al., 2018) compared to
controls (Cahn & Polich, 2006). In particular, FAM is asso-
ciated with a bilateral increase in alpha power, while OM re-
flecting a decrease only in left-sided power (Lee et al., 2018).
The emergence of theta waves in frontal regions during med-
itation highlights involvement in attentional processes (Bai-
jal & Srinivasan, 2010), particularly, in areas such as the
ACC, medial prefrontal cortex and DLPFC which are impor-
tantly linked with attention-demanding tasks (Cahn & Polich,
2006).

Immink (2016) demonstrated that motor memory stabiliza-
tion could be induced by meditation following training on
an explicit motor sequence task. Twelve experienced med-
itators were trained on a sequential key pressing task in the
morning and then completed a 30-minute session of FAM or
light work duties (control group) at midday. At about 5:00
pm of the same day, participants completed testing on trained
and novel sequences. At test, the meditation group performed
trained sequences faster than the control group but there were
not group differences in performance of novel sequences.
This pattern highlighted that the advantage of post-training
meditation was not due to general performance enhancement,
through increased alertness at test, for example, but rather,
was specific to previously practiced sequences. Moreover,
the meditation group exhibited equivalent performance lev-
els with the trained sequence between the final training block
and the wakeful test, with the control group exhibiting perfor-
mance losses between these timepoints. This demonstration
of memory stabilization in the meditation group can be ex-
plained by an enhanced level of motor chunking afforded by
meditation following the previously trained sequences. Mo-
tor chunking has been shown to play an important role in
both explicit and implicit sequence learning (Dahms et al.,
2020) and given the faster RT in the meditation group, this
may have reflected enhanced response planning and execu-
tion processes offered by meditation.

The present experiment aims to build on findings from Im-
mink (2016) firstly by investigating motor memory consol-
idation in meditation naïve individuals. Tang et al. (2015)
have developed a framework describing the core components
of meditation which suggests that experienced meditators
are thought to effortlessly reduce mind-wandering or inter-
mittent shifts away from the task at hand (Mrazek et al.,
2012) through the practiced ability to monitor attention (Ma-
linowski, 2013). Immink (2016) included only experienced
meditators who reported a mean of 9 years of practice. This
demonstration of memory stabilization is consistent with the
framework in signifying that experienced meditators may
not wind-wander, distinct from beginner meditators who are
thought to be less adept at monitoring attention and there-
fore unable to readily detect when mind wandering is occur-
ring (Malinowski, 2013). However, Chan et al. (2018) saw
increased attention control associated with improved perfor-
mance when novices completed meditation prior to partici-
pating in a sequence learning task. This suggests that be-

ginners may too derive benefits for learning via meditation
and highlights the need to revisit the work produced by Im-
mink (2016) to explore beginner meditative states following
training. Provided beginners can derive these learning im-
provements from a single session of meditation would pro-
vide a considerable increase in the number of individuals that
can employ these benefits rather than exclusively experienced
meditators. Therefore, it was hypothesized that meditation
naïve participants can derive sequence learning benefits from
a single session of meditation (Chan et al., 2018) in the form
of memory stabilization (Immink, 2016).

Secondly, distinct from Immink (2016) where an explicit se-
quence task was used, the present experiment included an
implicit sequence task. As previously mentioned, an explicit
sequence task has exhibited subsequent offline improvements
only over a period of sleep (Debas et al., 2010; Fischer et al.,
2002; Walker et al., 2002), and not over wakefulness. The
findings by Immink (2016) are in line with this notion since
meditation in the wakeful period following training exhibited
memory stabilization of the explicit task. In contrast, off-line
enhancement using an implicit sequence task has emerged
only over wakefulness (Robertson, Pascual-Leone, & Press,
2004). Including an implicit sequence task in the present ex-
periment allowed for the possibility of wakeful offline im-
provements following the insertion of meditation. It was hy-
pothesized that a single session of meditation following train-
ing would allow for these improvements to occur despite the
inclusion of an additional sequence designed to retroactively
interfere with the acquisition of the initial implicit sequence.

Thirdly, the present experiment included a post-sleep test
to investigate the influence of a post-training meditation in-
tervention on sleep-dependent consolidation. This was be-
yond the scope of Immink (2016) which removed the possi-
bility for post-meditation improvements which may require
sleep to emerge in the context of an explicitly learned skill
(Fischer et al., 2002; Stickgold et al., 2000; Walker et al.,
2002). A synergistic effect might be observed when cou-
pling post-training meditation and sleep-related consolida-
tion when comparing offline improvements provided by sleep
only. Research involving meditation practitioners and sleep-
dependent procedural consolidation attribute improvements
in task performance to a lower density of occipital sleep spin-
dles in meditators, whereas in non-meditators, offline gains
were associated with an increased time spent in REM sleep.
This suggests meditation practice might offer different sleep-
dependent consolidation patterns to those of non-meditators
(Solomonova et al., 2020). Given what is known about sleep
as a promoter for offline improvements in motor behaviours,
it is evident that further research incorporating a medita-
tion intervention to test motor memory consolidation follow-
ing a period of sleep is required. It was hypothesized that
post-training meditation would support sleep-dependent of-
fline learning. Offline learning would be reflected through
enhanced performance in the post-sleep test relative to end-
of-training and the wakeful period test.

Lastly, a single session of meditation was inserted immedi-
ately following training distinct from Immink (2016) where a
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delay was implemented between the end of training and med-
itation. The introduction of meditation 4 hours after training
seemed to have encouraged motor memory stabilization as
opposed to improvement (Immink, 2016). However, work by
Rhee et al. (2016) has demonstrated stronger consolidation
effects when participants were subjected to the post-training
intervention immediately following training. It was hypoth-
esized that implementing meditation immediately following
motor sequence learning would promote motor memory con-
solidation. If so, it was assumed that post-training meditation
would enhance motor memory stabilization across a wakeful
period. Motor memory stabilization was established by per-
formance on a wakeful period test being equivalent to that of
end-of-training performance.

Methods
Participants
Twenty healthy, meditation naïve adults (2 left-handed, 1
mixed-handedness, 8 females, Mage = 23.9 years ± 3.3)
agreed to participate in the present experiment. Participants
were required to have no previous formal experience with
both meditation practice and mental skills training. During
participant recruitment and provision of instructions refer-
ence to mindfulness or meditation was purposefully avoided
to prevent any expectations or biases related to these con-
cepts (Davidson & Kaszniak, 2015). The present experiment
was approved by the University of South Australia Human
Research Ethics Committee and all participants provided
written informed consent prior to participation.

Serial Reaction Time Task The SRTT (Nissen & Bullemer,
1987) is a four-choice, finger-tapping task used to study
cognitive and biological aspects of learning and memory
(Robertson, 2007) and more specifically, to measure obser-
vational motor learning of sequential information (Heyes &
Foster, 2002). The SRTT (see Figure 1A) involved the pre-
sentation of a row of four boxes on a computer screen that
represented four response keys numbered 1-4 (from left to
right) on a modified keyboard (Chan et al., 2018). Partici-
pants were instructed to place their index and middle fingers
on keys 1 and 2 (left hand) and keys 3 and 4 (right hand). A
response was required when a stimulus appeared at any one
of the four positions (i.e. a box was filled red). Here, the
participant selected the appropriate response by pressing the
corresponding key as fast as possible. A trial consisted of the
presentation of one stimulus and the production of one re-
sponse. At the end of each trial, a 50ms fixed delay occurred
before the presentation of a new response stimulus for the
next trial. Feedback was provided for inaccurate key presses
and a 250ms too-long response delay, both displayed as an
error tone. Performance feedback, that is, block averaged RT
and number of error trials was provided at the end of each
block. Following the presentation of performance feedback,
participants received a 15-second rest interval before the be-
ginning of the next block (Chan et al., 2018).
In the SRTT, a single block was comprised of 120 trials
where participants completed a total of 24 blocks in train-

ing (session 1) and 3 blocks in both the wakeful period test
(session 2) and the post-sleep test (session 3). Within a
block, the stimulus was played out in the order of a specific
implicit target sequence (target sequence, interference se-
quence, and recognition sequences). The target and interfer-
ence sequences both contained 12-items, whereas the recog-
nition sequences consisted of 4-items each. Within training,
participants completed 12 blocks of the target sequence (e.g.
1-2-1-3-4-2-3-1-4-3-2-4) (Reed & Johnson, 1994) and subse-
quently 12 blocks of the interference sequence (e.g. 1-2-4-3-
1-3-2-1-4-2-3-4) (Dumel et al., 2016) to introduce retroactive
interference on the target sequence. A measure of sequence
learning was acquired by comparing the reaction times of the
initial target sequence and those of the interference sequence
(Robertson, 2007). The target sequence was re-introduced
for both the wakeful period and post-sleep tests, with the
latter test including additional recognition target sequences
comprising of elements from the target and interference se-
quences (e.g. 1-2-1-3-4; 4-3-2-4 etc.). The recognition test
involved 36 trials of a given sequence displayed on the screen
where participants were required to correctly recall the se-
quence using the same finger-placement as the target and
interference sequences. After successfully pressing each 4-
item sequence, a response of either “yes, this sequence was
part of the previous sequence” or “no, this sequence was not
part of the previous sequence” was required. All sequences
were offered in a pseudorandomized manner with each re-
sponse stimuli not repeated consecutively and equally rep-
resented within each block. The SRTT was presented using
E-Prime 3.0 Software (Psychology Software Tools Inc., Pitts-
burgh, PA) on a 58.4cm-wide Alienware AW2310 LCD dis-
play running at 1680 × 1050 pixel resolution in 64-bit colour,
with a screen refresh setting of 120 Hz.

Mindfulness Meditation and Control Participants were ran-
domly allocated to either a Meditation or Control group. Par-
ticipants assigned to the Meditation group completed a sin-
gle session of meditation following the completion of train-
ing on the target sequence. The 10-minute meditation tech-
nique was based on a meditation technique previously used
before motor sequence training to enhance sequence learn-
ing in meditation naïve participants (Chan et al., 2020; Chan
et al., 2017; Chan et al., 2018; Immink et al., 2017); and
enhancement of motor memory consolidation with experi-
enced meditators (Immink, 2016). The meditation technique,
which was completed with the eyes closed while seated on
a chair in a distraction free room, instructed participants to
direct their attention to their breathing. Along with aiming
to direct and sustain attention to breathing, participants were
instructed to monitor for instances where their attention was
distracted from breathing. In the event of distraction, partic-
ipants were instructed to ‘let go’ of the distraction and redi-
rect attention to breathing. Breath focusing techniques such
as this have been validated as a reliable behavioural measure
of mindfulness as it has been related to a reduced level of
mind-wandering (Levinson et al., 2014). This method can
be thought of as suitable for beginner meditators as breath
counting requires little effort and arousal compared to other
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Fig. 1. Example serial reaction time task (SRTT) trial and Experiment procedure. (A) SRTT stimuli were spatial mapped to key press responses, performed by the middle and
index fingers of the left and right hand and numbered 1 to 4 from left to right. Unbeknownst to participants, stimulus presentation followed a 12-item second-order conditional
sequence in training ( 1-2-1-3-4-2-3-1-4-3-2-4, Reed & Johnson, 1994) and interference (1-2-4-3-1-3-2-1-4-2-3-4, Dumel et al., 2016) phases. (B) The procedure involved an
AB paradigm for target sequence training followed by exposure to an interference sequence. Participants experienced a single session of mindfulness meditation or audiobook
listening, as control condition, prior to exposure with the interference sequence. Wakeful and sleep-dependent forms of motor memory consolidation were examined with a
same day wakeful test and 24-hour delayed post-sleep test, respectively. The extent of explicit versus implicit sequence was assessed with follow-up awareness questions, a
sequence generation task and then a sequence recognition task.

meditation practices (Lumma et al., 2015). Participants al-
located to the Control group listened to a 10-minute audio
recorded reading excerpt from the text Your Mind and How
to Use It (Atkinson, 1911) following the completion of train-
ing on the target sequence. As within the Meditation group,
the control group task was completed with eyes closed, while
seated in a chair in a distraction free room.
Procedure The experimental procedure is illustrated in Fig-
ure 1B. Eligible participants were sent a link to complete
a 10-minute online questionnaire using an online survey
platform (LimeSurvey, LimeSurvey Project Team, Hamburg,
Germany). Initially participants provided written informed
consent and demographic details such as age, gender, hand-
edness, and the highest level of education completed. These
details were collected to potentially explain baseline differ-
ences in task performance.
Participants completed the Mind-Wandering Questionnaire
(MWQ) developed by Mrazek et al. (2013) as a measure of
individual trait levels of task-unrelated thought. A reliability
analysis of this tool has revealed a Cronbach’s alpha of 0.850
which indicates good consistency between questions (Mrazek

et al., 2013). The MWQ investigates mind-wandering quali-
ties to provide nuanced descriptions of an individual’s men-
tal state (Davidson & Kaszniak, 2015; Shiffman et al., 2008).
Here it was used to identify potential participant character-
istics related to their capacity to complete the Meditation or
Control groups. Thereafter, participants completed the Mind-
ful Attention Awareness Scale (MAAS) adapted from Brown
and Ryan (2003). This 15-item scale was designed to assess
the central feature of mindfulness, that is, attention (Mali-
nowski, 2013; Tang et al., 2015); by using a rating scale to
indicate the frequency of a given statement about one’s ev-
eryday experience (Brown & Ryan, 2003). Here, participants
were required to respond on a 6-point Likert scale from 1
(always) to 6 (almost never) to the given statements where a
higher mean score indicating a higher level of mindfulness
awareness. MAAS scores are collected as potential media-
tors of meditation and control effects on performance and/or
consolidation. The MAAS has been demonstrated as a valid
measure of trait mindfulness (Black et al., 2012; Brown et
al., 2011; Carlson & Brown, 2005; Osman et al., 2016) with a
Cronbach’s alpha of 0.81. Notable research by Levinson et al.
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(2014) demonstrated that breath counting accuracy was pos-
itively linked with self-reported trait mindfulness using the
MAAS thereby applying the validity to a meditation setting.
Finally, participants completed the Pittsburgh Sleep Quality
Index (PSQI) developed by Buysse et al. (1989) as a self-
rated questionnaire that aims to assess sleep quality and dis-
turbances over a one-month time frame (Buysse et al., 1989).
The PSQI is a 19-item scale grouped into seven components
with each yielding a score from 0 to 3. These sleep compo-
nent scores are grouped to provide a global score between 0
to 21, with a higher global score indicating poorer sleep qual-
ity (Zhong et al., 2015). The PSQI has been demonstrated as
a valid measure for sleep quality, correctly identifying 88.5%
of good and poor sleepers and reporting a Cronbach’s alpha
of 0.83 in the original work (Buysse et al., 1989). PSQI re-
sults were collected as a baseline measure for potential in-
dividual differences to assess whether sleep quality has an
impact on motor memory consolidation.

Following completion of the online questionnaire, partici-
pants were invited to complete three experimental sessions
over two consecutive days. Seventeen participants completed
all three sessions in a laboratory while three participants com-
pleted their sessions remotely due to health restrictions asso-
ciated with the COVID pandemic. Remote completion of the
sessions was based on sending participants download links
via email to access E-Prime Go (Psychology Software Tools
Inc., Pittsburgh, PA) executable files that ran the experiment
scripts used in the laboratory. During remote sessions, an
experimenter was present via a Zoom video call to answer
any questions the participants may have had about the task,
and ensure the sessions were completed appropriately under
laboratory-like conditions (i.e. little distraction from noise,
no use of devices while completing the task etc.). The re-
mote experiment software required participants to use the
Windows operating system. Remote participants completed
the SRTT using a standard QWERTY keyboard, producing
responses with the V, B, M, N keys. Once a session was
completed, participants sent the acquired data file back to the
experimenter via email. Participants then deleted the session
script and data file from their computer.

Session one, which commenced between 8:00 and 10:00 am,
first involved target sequence training in the SRTT over 12
blocks, each consisting of 120 trials or 10 cycles of the 12-
item sequence. Between blocks, participants were first pro-
vided with summary feedback of block mean accuracy and
reaction time followed by a 30-second rest break. In the post-
training period immediately following target sequence train-
ing, participants completed 10 minutes of either the Med-
itation or Control audiobook. For both, the audio record-
ing ran automatically after SRTT training within the E-Prime
script. Immediately after completion of post-training med-
itation or audiobook listening, participants completed a se-
ries of questions related to their experience with the post-
training task. The questions were delivered within the E-
prime script. Participants first answered an open-ended ques-
tion asking them to describe what they were doing in the pre-
vious post-training task. Responses were typed into a text

response box. Participant responses were evaluated as a ma-
nipulation check that the Meditation group was directing at-
tention to the breath as instructed and the Control group was
listening to the audiobook and importantly, no directing at-
tention to the breath. Next, participants used a computer
mouse (or track pad for remote participants) to rate their post-
training experience along a 100-point visual analogue scale
(VAS) similar to Immink et al. (2017). The VAS scale was
about a 10 cm horizontal line with text anchors on the left (la-
belled ‘None’) and right (labelled ‘Maximum’). Participants
completed separate VAS scales for the following ratings: 1)
“How often did your mind wander while completing the pre-
vious task?” (Distraction), 2) “How demanding was the pre-
vious task for you?” (Effort), 3) “How motivated were you to
perform the previous task?” (Motivation). These subjective
ratings were included to provide some account of the partic-
ipant experience in the post-training conditions (Davidson &
Kaszniak, 2015). Finally, for the first session, immediately
after completion of post-training condition ratings, partici-
pants completed 12 blocks of the SRTT with the interference
sequence. Exposure to this sequence was intended to com-
pare the degree of proactive interference between the target
and interference sequences between Meditation and Control
groups. Importantly, to consider the stabilization form of mo-
tor memory consolidation, we also compared the extent of
retroactive interference from the interference sequence on the
target sequence (Song, 2009) between Meditation and Con-
trol groups. In the latter case, retroactive interference would
be exhibited at a wakeful test as diminished target sequence
performance relative to the end of training.

About 5-hours after completion of session one, participants
completed the second session that included a wakeful test of
performance on the target sequence. Then, about 24-hours
after the completion session of 1, a period which included a
bout of sleep, participants completed the third session which
first asked participants to report their time in bed the prior
night and the time out of bed in the present morning. These
times were used to calculated time in bed. Next, participants
rated their overall quality of their prior sleep on a 100-point
VAS. Participants then completed a post-sleep test of the tar-
get sequence. The wakeful and post-sleep tests each included
3 blocks of the SRTT conducted with similar conditions to
training in terms of trials per block, provision of summary
feedback and inter-block rest intervals. Following comple-
tion of the post-sleep test, participants completed a series of
questions aimed to assess their awareness of the presence of a
sequence in the SRTT (Robertson, 2007). First, participants
were asked to type in their response to the open-ended ques-
tion, “Describe what strategies you used to perform the key
pressing task.” These responses were inspected to determine
if the participant had awareness of the embedded sequence
based on responses which included the keywords, “pattern”,
“order” or “sequence.” Participants were then asked to indi-
cate if the order of the response stimuli followed a pattern
or was random. Third, participants were then informed that
the order of stimuli followed a sequence pattern and were
then asked to rate their confidence in being able to repro-
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duce the sequence on a 100-point VAS scale. Text anchors
were labelled as follows: Left anchor ‘None’, between Left
and Middle ‘Some of the Pattern’, Middle anchor ‘Half of
the Pattern’, Between Middle and Right ‘Most of the Pat-
tern, and Right anchor ‘The Entire Pattern’. Participants were
then asked to complete a recall test of the 12-item sequence
followed by a recognition test. For the recognition test, the
trained sequence was decomposed into 12 4-item sequence
chunks, where each chunk commenced by each sequence po-
sition (for sequence positions 10, 11 and 12, the sequence
included the initial sequence elements). Another 12 4-item
chunks were similarly formed based on the interference se-
quence and lastly 12 4-item chunks that were unique to those
from trained and interference sequences. The 36 chunks were
presented individually in a random order across the 36-trial
recognition test. Participants were not informed if the se-
quence was based on the trained or novel sequence. Each
trial involved the same stimulus and response format as the
SRTT except the sequence only involved four stimuli and key
presses. After completing the 4-item sequence, the partici-
pant had to indicate if that sequence was part of the sequence
they previously performed with a yes or no response.
Data Analysis
Meditation and Control group comparisons of participant
characteristics, training, wakeful and post-sleep SRTT per-
formance and sequence awareness, recall and recognitions
were undertaken using Bayesian inference. Bayesian anal-
ysis of the data were conducted in JASP ver. 0.14.1 (JASP
Team 2020) Bayesian inference offer several advantages over
null hypothesis statistical tests for data inferences. Bayes
Factors (BF) are useful when determining the presence
or absence of an effect particularly in small sample sizes
(Makowski et al., 2019; Van Doorn et al., 2020).
To test that random allocation did not result in group dif-
ferences in participant characteristics, Bayesian chi-square
test was used to test for equivalent gender and handedness
distribution, while 2-tailed Bayesian independent samples t-
test was used to infer if groups differed with respect to age,
mind wandering (MWQ), mindfulness disposition (MAAS)
and history of sleep quality (PSQI) as well as time in bed
and quality of sleep VAS score prior to session 3 post-sleep
performance test.
For SRTT performance data, trials with inaccurate responses
were first removed. This resulted in removal of 2.3% of the
data, which is below the acceptable exclusion rate of 5% for
SRTT studies (Chan et al., 2018). Next, for each partici-
pant, MRT was calculated for each block of training, inter-
ference, wakeful and post-sleep testing sessions. Group-level
MRT and standard deviation were then calculated and plot-
ted to visualise the direction of any potential group differ-
ences, see Figure 2A. This visualisation allowed for a priori
specification of one-tailed Bayesian independent samples t-
test. Visual inspection was also conducted to evaluate if data
met assumptions of normality and equal variance. This was
followed up with Shapiro-Wilks’ test of normality and Lev-
ene’s test of variance homogeneity. As some of the data did
not meet tests of normality and homogeneity assumptions,

non-parametric versions of the Bayesian t-tests indicated be-
low were conducted based on Bayesian Mann-Whitney U
Test Bayesian for independent-samples t-tests and Wilcoxon
Signed-Rank Test for single-sample t-tests. Both tests in-
volved five chains of 10,000 iterations.
As MRT was shorter for the Control group, a one-tailed
Bayesian independent t-test was used to test the alternate
hypothesis that MRT was less for the Control group than
the Meditation group at training block 1 (early training) and
block 12 (training end). In addition, a two-tailed Bayesian
independent sample t-test was conducted to test for group
differences in training improvement, see Figure 2B. Train-
ing improvement was calculated for each participant as the
difference in MRT between training block 1 and 12.
As a manipulation check, we evaluated the frequency of re-
ported attention focusing versus listening keywords from par-
ticipant written post-training Meditation and Control task re-
ports with Bayesian chi-square. Next, we conducted three
separate two-tailed Bayesian independent samples t-test to
test the alternate hypothesis that groups differed in VAS
scores for ratings of distraction, effort and motivation in post-
training tasks.
Proactive interference of the training sequence on the in-
terference sequence was compared between participants ex-
posed to post-training meditation or the control audiobook.
For this, the difference in MRT between training block 12
and interference block 1 was calculated for each participant,
with higher values reflecting increased slowing due to proac-
tive interference. As interference slowing was descriptively
higher for the Control group, these change values were sub-
mitted to one-tailed Bayesian independent samples t-test to
test the alternative hypothesis that MRT slowing was higher
in the Control group, see Figure 2C.
Wakeful and sleep-dependent forms of motor memory con-
solidation were evaluated by calculating for each participant
MRT changes between training block 12 and wakeful test
block 1 and wakeful test block 3 and post-sleep block 1. In
these change values, larger negative values reflect increas-
ing MRT improvement, while larger positive values reflect
increased MRT performance loss and zero value reflects no
change in performance. As these change values were descrip-
tively larger for the Control group, they were separately anal-
ysed with one-tail Bayesian independent samples t-tests to
test the alternate hypothesis that the Control group had higher
MRT differences, see Figure 2D, E. Additional, Bayesian
single-sample t-tests were conducted to test if MRT differ-
ences were not equal to zero in each group.
Using Bayesian chi-square inference, data from written re-
sponses to performance strategy were analysed for group
differences in the frequency of reported keywords reflect-
ing awareness of a pattern or sequence and separately, we
evaluated if groups differed with respect to frequency of re-
porting if the order of stimulus presentation was random or
followed a pattern. Group differences in sequence repro-
duction confidence ratings and recall accuracy percentage
were evaluated with separate two-tailed Bayesian indepen-
dent samples t-tests. Recall accuracy percentage was calcu-
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Fig. 2. Mean RT performance and performance changes at training, interference, wakeful test and post-sleep test phases. (A) Boxplot of mean RT comparison between
Meditation and Control post-training groups for the first (early training) and last (end training) training blocks, the first interference sequence block, first wakeful test block and
first post-sleep test block. Participants completed either 10 minutes of audio book listening (Control) or audio-guided mindfulness meditation (Meditation) immediately after
completion of trained sequence training. (B) Training improvement was based on reaction time improvement between the first and last training block. (C) Interference slowing
based on reaction time slowing between the final block of training on the target sequence and the introduction of the interference sequence. (D) Wakeful consolidation was
based on reaction time change between the final training block and the first wakeful test block. The wakeful test was performed approximately five hours after completion
of target sequence training, with post-training Meditation or Control post-training conditions and then exposure to an interference sequence intervening training and wakeful
test. (E) Sleep consolidation was based on reaction time change between the wakeful test and post-sleep test. The post-sleep test was completed approximately 15 hours
after the completion of the wakeful test and this interval included a normal night’s sleep.

lated for each participant based on the number of key presses
that matched the trained sequence. Single-sample Bayesian
t-test was conducted separately for Meditation and Control
groups to test if recall percentage was above the 25% guess
rate. Sequence recognition test performance was evaluated
based on the percentage of hits for target sequence chunks,
percentage of hits for interference sequence chunks, and per-
centage of correct rejections for novel chunks. Group differ-
ences in these percentages were evaluated with three separate
two-tailed Bayesian independent samples t-tests. This anal-
ysis was followed up with single-sample Bayesian t-tests to
evaluate if hit and correct rejection rates were above the 50%
guessing rate in Meditation and Control groups.

For all Bayesian inferences, uninformed Cauchy distributions
of r = 0.707 with an effect size of 0 were used for prior

probabilities since little prior knowledge exists from previ-
ous work applying Bayesian inference in the present context
(Van Doorn et al., 2020). For non-parametric Bayesian t-
tests, inferences in favour of the null or alternate hypothesis
were based on a Bayes Factor, BF10 which indicates the de-
gree of evidence in support of the alternative hypothesis (H1)
versus the degree of evidence in support of the null hypoth-
esis (H0). While the Bayes Factor represents a continuum of
evidence, to describe the level of evidence we applied heuris-
tic labels described by Van Doorn et al. (2020) for ranges of
BF10. We report the median effect size (δ) and 95% credible
interval for the effects size (95% CI) for the from Bayesian
independent t-test evaluation of group data. Finally, for ease
of communicating the effect of post-training meditation on
motor memory consolidation outcomes, we calculated effect
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Table 1. Participant gender, handedness, age characteristics, and Mindfulness Attention Awareness Scale (MAAS), Mind Wandering Questionnaire (MWQ), and Pittsburgh
Sleep-Quality Index (PSQI) scores for by post-training Control and Meditation groups.

sizes for all group comparisons of SRTT performance based
on Cohen’s d.

Results
Participant Characteristics
There was no evidence for group differences in gender distri-
bution (BF10 = 0.50), handedness (BF10 = 0.504), age (BF10
= 0.40, error % = 7.0e-6), or mindfulness disposition (MAAS
scores, BF10 = 0.81, error % = 2.2-4). There was only anecdo-
tal evidence for group differences in background sleep qual-
ity (PSQI scores, BF10 = 2.47, error % = 4.4e-4). There was
also anecdotal evidence for differences in overall MRT across
all phases for participants who completed the experiment ei-
ther in the laboratory or remotely (Training, BF10 = 0.55, er-
ror % = 0.001; Interference, BF10 = 0.75, error % = 0.004;
Wakeful Test, BF10 = 0.56, error % = 0.001; Post-Sleep Test,
BF10 = 0.49, error % = 8.646e-6). Summary of participant
characteristics by group are presented in Table 1.
Mean RT at training and proactive interference slowing by
post-training group
There was weak evidence that MRT was shorter for the Con-
trol group than the Meditation group at early training (BF10
= 0.56, W = 48, R̂ = 1.0) and end of training (BF10 =
1.22, W = 32, R̂ = 1.0). There was decisive evidence that
both groups exhibited improvements in MRT across training
(BF10 = 4525.65, W = 210, R̂ = 1.8) but there was weak ev-
idence that groups differed with respect to training improve-
ment (BF10 = 0.43, W = 60, R̂ = 1.0), see Table 2. Based on
moderate evidence, post-training Meditation exhibited less
proactive interference in MRT at the introduction of the inter-
ference sequence (BF10 = 6.61, W = 84, R̂ = 1.0), see Table 2.
There was moderate evidence that MRT slowing exhibited by
the Meditation group was greater than 0 (BF10 = 10.06, W =
49, R̂ = 1.0), while there was decisive evidence that the Con-
trol group MRT slowing was greater than 0 (BF10 = 152.10,
W = 55, R̂ = 1.03).
Post-training task manipulation check and subjective rat-
ings There was decisive evidence that more participants who
completed the Meditation task self-reported paying attention
(Nattention = 9, Nlistening = 1) than participants who completed
the Control audio-listening task (Nattention = 1, Nlistening = 9,
BF10 = 320.65). There was only anecdotal evidence that post-
training groups differed with respect to VAS scores for Dis-
traction (BF10 = 1.06, W = 71.5, R̂ = 1.0) or Effort BF10 =
1.38, W = 25.5, R̂ = 1.0), and weak evidence for group differ-

ences in Motivation VAS scores BF10 = 0.41, W = 46.5, R̂ =
1.0) during completion of their respective post-training task.
Wakeful and post-sleep motor memory consolidation That
post-training Meditation enhanced wakeful motor memory
consolidation to a greater extent than the Control condition
was supported by moderate evidence (BF10 = 8.34, W = 87,
R̂ = 1.0), see Table 3. There was moderate evidence that
MRT improved for the Meditation group across the wakeful
period (BF10 = 9.33, W = 6, R̂ = 1.0), and no evidence that the
Control group exhibited wakeful MRT improvement (BF10 =
0.12, W = 46, R̂ = 1.0).
Only anecdotal evidence was observed for group differences
in time in bed between Meditation (M = 7.3, SD = 1.0) and
Control (M = 7.6, SD = 0.7) groups (BF10 = 0.49, error %
= 2.820e-4). Similarly, anecdotal evidence was observed for
group differences in VAS scores for sleep quality between
Meditation (M = 86.5, SD = 10.6) and Control (M = 75.7,
SD = 16.5) groups (BF10 = 1.1, error % = .006). There was
no evidence for group differences in post-sleep consolidation
from wakeful test (BF10 = 0.38, W = 48, R̂ = 1.0), despite
the Meditation group showing slightly better improvement,
see Table 3. There was no evidence of MRT improvement
between wakeful test and post-sleep test for the Meditation
(BF10 = 0.34, W = 29, R̂ = 1.0) and Control BF10 = 0.28, W
= 31, R̂ = 1.0) groups.
Strategy, Pattern, Generation Confidence, Sequence Genera-
tion Recall and Recognition Analysis
Four Meditation group participants (40%) and 3 Control
group participants (30%) reported awareness of a sequence
pattern as part of their performance strategy while 6 Medi-
tation group participants (60%) and 7 Control group partici-
pants (70%) did not report the presence of a pattern. There
was no evidence that groups differed with respect to the
distribution of pattern awareness as a performance strategy
(BF10 = 0.53). There was also no evidence of group differ-
ences in the distribution of participants who identified that
order of stimuli as following a sequence (Meditation = 2,
Control = 0) or a random order (Meditation = 8, Control =
10, BF10 = 0.73).
VAS scores for confidence in generating the sequence were
not different between Meditation (M = 37.9, SD = 20.5) and
Control (M = 30.2, SD = 20.0) groups (BF10 = 0.48, W = 36,
R̂ = 1.0). Groups did not differ with respect to the accuracy
percentage of trained sequence generation (BF10 = 0.42, W =
52.5, R̂ = 1.0), see Table 4. There was no evidence that the
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Table 2. Post-training Control and Meditation group comparisons and non-parametric Bayesian inference results for early training and end training mean RT, and training
improvement and interference slowing.

Table 3. Post-training Control and Meditation group comparisons and non-
parametric Bayesian inference results for changes in mean RT associated with
wakeful and sleep-dependent forms of motor memory consolidation.

recall accuracy rate was above chance level for Meditation
(BF10 = 0.10, W = 22, R̂ = 1.1) and Control BF10 = 0.13, W
= 11.5, R̂ = 1.1) groups.
There was no evidence that groups differed with respect
to recognition performance on trained sequence chunk hits
(BF10 = 0.61, W = 37, R̂ = 1.0), interference sequence chunk
hits BF10 = 0.57, W = 33.5, R̂ = 1.0), or novel sequence chunk
correct rejections BF10 = 0.48, W = 58, R̂ = 1.0). Moreover,
there was no evidence that overall recognition performance
was above chance level for Meditation (BF10 = 0.08, W = 44,
R̂ = 2.4) and Control BF10 = 0.13, W = 55, R̂ = 1.1) groups,
see Table 4.

Discussion
We investigated the effect of single-session mindfulness med-
itation on wakeful and sleep-dependent forms of implicit mo-
tor memory consolidation with naïve meditators. Participants
first completed training on the SRTT and then completed 10
minutes of either meditation or audiobook listening, before
being exposed to SRTT interference. A wakeful period of
5 hours followed before completing testing during the post-
training wakeful period in addition to completing a post-sleep
test the following day. A single session of meditation ap-
peared to promote post-training wakeful motor memory con-
solidation as illustrated by strong evidence that meditation
resulted in MRT improvement between the end of training
and the start of wakeful test in comparison to control. Sleep-
dependent motor consolidation did not appear to benefit from
post-training meditation as there were no significant group
differences in MRT performance between the end of wakeful
test, and the start of post-sleep test.
The present demonstration of improved wakeful consolida-
tion from post-training meditation is consistent with Immink

(2016). However, the present results are more aligned with
wakeful offline improvements whereas Immink (2016) re-
ported only wakeful stabilization. The use of an implicit
motor task here might explain this discrepancy, given that
implicit sequence learning exhibits wakeful offline learning
(Robertson, Pascual-Leone, & Miall, 2004), whereas explicit
sequence learning relies on sleep for offline improvements
(Walker et al., 2002). However, other demonstrations of
wakeful motor memory consolidation associated with exer-
cise have shown that explicit sequences can too provide for
wakeful offline improvements (Rhee et al., 2016). This dis-
crepancy might provide a case for the interaction of explicit
and implicit learning during motor task acquisition, instead of
being distinct forms of learning (Immink, 2016). Willingham
and Goedert-Eschmann (1999) suspect implicit knowledge is
acquired in parallel with explicit knowledge given their ob-
servation of equivalent motor sequence learning outcomes.
However, although shared networks were identified, Sami et
al. (2014) report largely distinct neural mechanisms under
implicit and explicit conditions across a 6 hour resting-state
consolidation period. Contradictory findings such as these
indicate that further research is required to distinguish the ef-
fects of task awareness on motor skill learning during both
wakeful and post-sleep periods (Song, 2009). Also distinct
from Immink (2016), we show that meditation experience is
not necessarily required to support motor memory consoli-
dation, as evidenced by meditation naïve individuals exhibit-
ing wakeful consolidation. Previous work has shown that the
executive attention benefit afforded by extensive meditation
training (Jha et al., 2007) extends to even single sessions of
meditation practice through improving the allocation of at-
tentional resources in novices (Norris et al., 2018). This is re-
inforced with previous demonstrations that meditation naïve
individuals practicing a single session of FAM are able to
exhibit a level of cognitive control that led to performance
improvements on the SRTT (Chan et al., 2017).

The absence of group differences in post-sleep consolida-
tion indicates that post-training meditation effects on mo-
tor consolidation are limited to wakeful consolidation pro-
cesses. Previous work has shown that focus of attention dur-
ing the execution of a motor task supports superior perfor-
mance (Wulf & Prinz, 2001). Duke et al. (2011) had learn-
ers perform a simple piano keyboard passage and were in-
structed to focus their attention to either their fingers, the pi-
ano keys, the piano hammers, or the ensuing sound of the
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Table 4. Post-training Control and Meditation group comparisons and non-parametric Bayesian inference results for recall accuracy of the generated trained sequence and
recognition accuracy based on correct identification, or hits, of sequence chunks from trained and interference sequences and correct rejection of novel sequence chunks.

key presses. Learners who focused their attention on the ef-
fects of their movements (i.e. the sound produced) compared
to the movements themselves exhibited more accurate motor
control (Duke et al., 2011). Similarly, meditation as a post-
training cognitive task might support wakeful motor memory
consolidation through the manner in which meditation tech-
niques establish heightened attention control (Norris et al.,
2018), resulting in enhanced memory formation (Duke et al.,
2011). Previous research has shown that SRTT performance
is influenced by a preceding session of FAM via an increased
level of top-down cognitive control afforded by FAM (Chan
et al., 2017). Given consolidation processes occur follow-
ing training, the attention control benefit through meditation
might play a role in the strengthening of motor memories
in the form of wakeful offline learning as evidenced by the
present demonstration.
Post-training meditation also reduced negative transfer be-
tween training and interference sequences as evidenced by
a reduced MRT change from late training to early interfer-
ence. A secondary task variation is used following training
to disrupt attention (Song, 2009), and thus a post-training
state comprised of attention captured in meditation was able
to lessen this disruption. Similarly, previous research found
exposure to exercise following training reduced the impact
of the interfering sequence which was manifested in the form
of offline motor sequence improvements (Rhee et al., 2016).
The demonstrations of resistance to interference leading to
offline gain exhibited by both exercise and meditation in-
terventions reinforce results by Austin and Loprinzi (2019),
where coupling post-training exercise and meditation led to
superior long term memory on a declarative task. A synergis-
tic effect of exercise and meditation might also be observed
for the consolidation of motor skills. The shared activity in
the DLPFC during both exercise (Yanagisawa et al., 2010)
and meditation (Cahn & Polich, 2006) is one mechanism that
might help to lessen the effect of interference given its asso-
ciation with focused attention (Hasenkamp et al., 2012). In
the context of meditation, DLPFC activity is thought to re-
peatedly redirect or sustain attention (Lippelt et al., 2014),
and similarly, DLPFC activity with exercise has been linked
to heightened concentration and mental focus following ex-
ercise (Moriarty et al., 2019). Research including motor skill
training followed by meditation and exercise interventions is
required to provide further clarification if this effect does in-
deed translate to motor skill consolidation processes.

Despite post-training meditation failing to establish a dis-
tinct benefit for sleep-dependent motor consolidation as com-
pared to control, as expected, the offline improvements in
both groups exhibited from training to post-sleep test sup-
ports a wealth of research in favor of sleep-dependent gains
in performance (Diekelmann & Born, 2010). As mentioned,
research by Solomonova et al. (2020) investigated whether
meditation practice changes the neurobiological qualities of
sleep-dependent memory consolidation by comparing the
performance of experienced Vipassana meditators with medi-
tation naïve individuals on a procedural balance task. Though
both groups experienced improved performance as antici-
pated via sleep, the way in which these improvements arose
were distinct. The experienced meditators improvements
were correlated with occipital spindle density in non-rapid
eye movement (NREM) sleep, however the controls task im-
provements were correlated with increased time in rapid eye
movement (REM) sleep (Solomonova et al., 2020). The au-
thors note that previous training on attending to bodily states
and stimuli might generate a different neurobiological way of
learning which might help explain previous findings showing
an enhanced level of attention is associated with improved
motor performance (Hazeltine et al., 1997). Given these find-
ings pertain to the way in which experienced meditators ex-
hibit performance improvements, further research is needed
to determine if this effect translates to a single session of
meditation following training as in context of the present re-
search.
Limitations and Future Research
The present demonstration of wakeful motor memory con-
solidation is based on a small sample of 10 meditation naïve
individuals (Lohse et al., 2016) which may have resulted in
insufficient statistical power (Rhee et al., 2016). However,
it is thought that using Bayesian estimation is generally ef-
fective in preventing the overestimation in favor of an effect
(Wetzels et al., 2011), particularly in the instance of small
samples (McNeish, 2016).
The extent to which novice meditators were able to stay
on task during meditation remains to be determined. Past
research indicates that novices can improve attention in a
brief 10-minute mindfulness meditation session (Norris et al.,
2018). However further investigation using EEG to clarify
the neural markers of meditation in novices is required given
the large variance of EEG signals achieved by novice medi-
tators (Stapleton et al., 2020). Though beyond the scope of
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the present experiment, accurately describing the neural cor-
relates of meditation in novices is an important next step to
work toward determining whether meditation-induced motor
memory consolidation is a by-product of achieving a state of
post-training attention control.
The present findings were established in the context of a fine
motor skill task in the SRTT (Nissen & Bullemer, 1987). Lu-
gassy et al. (2018) has reported that the mechanisms in com-
plex motor tasks operate distinctly to that of simple motor
tasks by way of delayed offline consolidation in more com-
plex skill learning. Given these motor skill differences, fur-
ther work is needed to determine if meditation-induced con-
solidation effects are able to translate to the learning of more
complex motor skill task variations involving gross body rep-
resentation to expand the applications in which this inter-
vention is applicable (Lugassy et al., 2018). By extension,
whether the motor task is implicitly or explicitly learned also
needs to be determined in the context of post-training in-
terventions involving meditation. As noted earlier, previous
findings by Immink (2016) demonstrated memory stabiliza-
tion form of consolidation using an explicit sequence learning
task, and compared to the present findings of offline improve-
ments using an implicit SRTT, highlights that task awareness
might be important to consider for such interventions involv-
ing meditation.
The present results demonstrate that a single post-training
meditation session with novice mediators can support motor
memory consolidation in the context of offline improve-
ments. Importantly, these offer important contributions
toward understanding wakeful motor memory consolidation
processes. This is highlighted by: 1) heightened post-
training attention control is important for reducing negative
transfer to new task variations, 2) heightened post-training
attention control from meditation enhances wakeful but not
sleep-dependent motor consolidation, and 3) wakeful con-
solidation gains from meditation induced attention control
do not require extensive mindfulness training.
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