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Accumulating evidence suggests a central role for sleep spin-
dles in the consolidation of new memories. However, no meta-
analysis of the association between sleep spindles and memory
performance has been conducted so far. Here, we report meta-
analytical evidence for spindle-memory associations and investi-
gate how multiple factors, including memory type, spindle type,
spindle characteristics, and EEG topography affect this rela-
tionship. The literature search yielded 53 studies reporting 1424
effect sizes, resulting in a small to moderate effect for the av-
erage association. We further found that spindle-memory re-
lationships were significantly stronger for procedural memory
than for declarative memory. Neither spindle types nor EEG
scalp topography had an impact on the strength of the spindle-
memory relation, but we observed a distinct functional role of
global and fast sleep spindles, especially for procedural mem-
ory. We also found a moderation effect of spindle characteris-
tics, with spindle frequency and power showing the largest ef-
fect sizes. Collectively, our findings suggest that sleep spindles
are involved in learning and plasticity, thereby representing a
general physiological mechanism for memory consolidation.
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Highlights
 Spindle measures showed a small to medium-sized as-
sociation with memory performance.

* This relationship was stronger for procedural memory
than declarative memory.

* No moderation effects of spindle type and EEG scalp
topography have been observed.

* Spindle frequency and power emerged as the strongest
predictors.

e Naps showed similar spindle-related consolidation
mechanisms to whole-night sleep.

1.Introduction

A wealth of research, much of it conducted over the past 30
years, has shown that we retain memories better over a pe-

riod of sleep relative to wakefulness. With the positive effect
of sleep on memory being well-established, current research
efforts have been directed at uncovering the mechanisms that
mediate this relationship. Accumulating evidence suggests
that sleep does not merely passively protect memories from
interference and decay, but actively fosters their consolida-
tion. Thus, longer sleep times lead to greater memory bene-
fits (Diekelmann et al., 2012; Schonauer et al., 2014), the oc-
currence of sleep-specific brain oscillatory activity has been
linked with memory consolidation (Gais et al., 2002; Gi-
rardeau et al., 2009; Marshall et al., 2006), and it has been
discovered that learning-related brain activity is reactivated
during non-rapid eye movement (NREM) sleep (Schonauer
et al., 2017; Schreiner et al., 2021; Wilson and McNaughton,
1994). Sleep-dependent memory reactivation, in particular, is
a promising candidate mechanism to underlie behavioral ben-
efits of sleep on memory performance (Antony et al., 2012;
Rasch et al., 2007; Rudoy et al., 2009). Memory reactiva-
tion has been linked to oscillations characteristic of NREM
sleep, such as slow oscillations (SO; Schonauer et al., 2017;
Schreiner et al., 2021), sleep spindles (Antony et al., 2018;
Cairney et al., 2018; Schonauer et al., 2017; Wang et al.,
2019), and sharp-wave ripples (SWR) (Fernandez-Ruiz et al.,
2019; Rothschild et al., 2017; Zhang et al., 2018). These os-
cillations are coordinated within a network of brain regions
including the thalamus, neocortex, and hippocampus. Re-
search in both animals and humans has shown that the precise
orchestration of these brain rhythms contributes to memory
consolidation during sleep (Maingret et al., 2016; Staresina
et al., 2015). Sleep spindles, in particular, have emerged as
a promising candidate marker for memory reactivation in the
human brain and have been linked to behavioral benefits of
sleep for memory. Spindle activity during sleep increases af-
ter an intense learning experience and is related to how well
the memory is retained (Gais et al., 2002), the presentation
of learning-related sounds during sleep elicits stronger ac-
tivity in the spindle frequency band than the presentation of
control sounds (Cairney et al., 2018), and brain activity dur-
ing sleep spindles is informative about the kind of learning
material studied before sleep (Cairney et al., 2018; Scho-
nauer et al., 2017). Because recent findings have shown
that effect sizes for associations between sleep and mem-
ory performance have been overestimated (Ackermann et al.,
2015; Berres and Erdfelder, 2021; Cordi and Rasch, 2021;
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Pohlchen et al., 2021; Reverberi et al., 2020), we should
quantitively evaluate the influence of specific sleep param-
eters on memory in a similar way. In this meta-analysis, we
therefore investigated whether spindle activity shows a con-
sistent link with memory performance, and overnight mem-
ory consolidation in particular.

1.1. The role of sleep spindles in memory consolida-
tion and reprocessing

Sleep spindles are a physiological hallmark of NREM sleep,
where they appear as brief oscillatory events with a burst-like
sequence of 10-16 Hz sinusoidal cycles, lasting for at least
0.5 sec, but no longer than 2-3 sec (Fernandez and Liithi,
2020; Liithi, 2014). They are generated in a network of
GABAergic thalamocortical neurons, projected to the neo-
cortex, but also reach the hippocampus (Steriade, 2006), and
are thought to play a major role in mediating neural plasticity
(Peyrache and Seibt, 2020; Steriade and Timofeev, 2003) and
memory replay (Siapas and Wilson, 1998).

A direct link between spindle activity and plasticity has first
been proposed by Timofeev and colleagues (2002), who
showed that spindle activity is associated with long-term
changes in responsiveness of cortical neurons. Similarly,
input firing patterns during spindles have been found to in-
duce long-term potentiation (LTP) effectively in neocortical
pyramidal cells (Rosanova and Ulrich, 2005), probably by
increasing intracellular calcium concentrations. Recent cal-
cium imaging studies have also provided evidence that spin-
dles may trigger cell- and layer-specific activation (Niethard
etal., 2017), which could support plasticity underlying mem-
ory consolidation. It has been shown that the calcium activity
(Ca2+) in neocortical dendrites is increased and synchronized
during oscillations in the spindle range (Seibt et al., 2017),
which may be enhanced through coupling with slow oscilla-
tion (SO) up-states (Niethard et al., 2018), thereby strength-
ening memory consolidation.

Sleep spindles are further thought to play a pivotal role in
memory reactivation. Memory reactivation has mainly been
studied in the rodent hippocampus, where it predominantly
occurs during SWRs, which are transient high-frequency os-
cillations (140-200 Hz) during rest and NREM sleep. It has
been reported that hippocampal replay during SWR can be
accompanied by the cortical replay of the same event (Ji
and Wilson, 2007). Interestingly, optogenetic stimulation
of SWRs enhances replay and results in memory improve-
ment (Fernandez-Ruiz et al., 2019). Intracranial EEG data
recorded in humans has shown that SWRs in the hippocam-
pus are nested into the troughs of the spindle oscillations
(Ngo et al., 2020; Staresina et al., 2015), suggesting that
spindles might facilitate the interaction, and thus communi-
cation between neural ensembles of the hippocampus and the
neocortex. Notably, this memory reactivation may strengthen
long-term memory representations in the neocortex such that
they can support memory retrieval independent of hippocam-
pal engagement, a process that has been proposed to serve
active systems memory consolidation in sleep (Diekelmann
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and Born, 2010; Klinzing et al., 2019).

Converging evidence further suggests that the content of
memory reactivation can be decoded from brain activity dur-
ing sleep spindles (Cairney et al., 2018; Wang et al., 2019),
underlining their role in reactivation-related consolidation
during sleep. Indeed, targeted memory reactivation (TMR),
where sensory cues related to previous learning material are
used to trigger reactivation of these learning contents during
sleep, is only effective if the reactivation cues are followed by
a sleep spindle, demonstrating their functional role in sleep-
dependent memory consolidation (Antony et al., 2018; Scho-
nauer, 2018).

1.2. Sleep spindles and different types of memory

It is well-established that sleep fosters learning and retention
of both declarative and procedural memories (Diekelmann
and Born, 2010; Klinzing et al., 2019), and sleep spindles
have been linked to these behavioral benefits. For instance,
several studies showed that sleep spindles strengthen mem-
ory for a broad range of declarative tasks including wordlist
and vocabulary learning (Blaskovich et al., 2017; Gais et al.,
2002; Schabus et al., 2004; Schmidt et al., 2006; Studte et
al., 2015; Tamminen et al., 2010), but also visual memory for
pictures (Cox et al., 2012; Ward et al., 2014), and visuospatial
tasks (Clemens et al., 2006; Wilhelm et al., 2011). Likewise,
spindles have been shown to facilitate procedural memory,
such as finger tapping (Barakat et al., 2013; Griessenberger
et al., 2013), motor adaptation (Barakat et al., 2011a; Boutin
et al., 2018; Thiirer et al., 2018), and mirror tracing (Holz et
al., 2012; Tamaki et al., 2008). However, recent findings and
reviews have started to question the robustness, replicability,
and generalizability of some of these findings (Ackermann et
al., 2015; Cordi and Rasch, 2021). In support of this, Acker-
mann and colleagues (2015) observed no significant associa-
tion between sleep spindles and overnight memory retention
in both declarative and procedural memory measures in over
900 healthy young participants.

If spindles are a mechanism that fosters brain plasticity and
if they are directly related to sleep-dependent memory reacti-
vation, then spindle activity during sleep should be positively
related to memory consolidation. In this meta-analysis, we
quantified evidence for the effect of sleep spindles on mem-
ory consolidation and assessed how strongly the extant liter-
ature is subject to publication bias. We further investigated
whether the consolidation of both declarative and procedural
memory is equally sleep spindle-dependent.

1.3. Spindle characteristics and their relation to mem-
ory performance

1.3.1. Spindle type and topography

Studies in the 1990s hinted at the existence of two distinct
sleep spindles types, observed at 10-13 Hz (slow spindles)
or 13-16 Hz (fast spindles), and peaking at frontal and
centroparietal cortical sites, respectively (McCormick et al.,
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1997; Werth et al., 1997). The idea that sleep spindles in
humans are a diverse rather than prototypical phenomenon
was further supported over the last few decades in studies us-
ing functional magnetic resonance imaging (fMRI; Schabus
et al., 2007), intracranial EEG (iEEG; Andrillon et al., 2011)
or M/EEG source estimation techniques (Urakami, 2008).
Further, a functional differentiation between slow and fast
spindles has been suggested: For instance, it has been ob-
served that both types preferentially occur at different times
of the SO cycle (Molle et al., 2011; Staresina et al., 2015), re-
spond differentially to pharmacological interventions (Ayoub
et al., 2013), and have different phenotypic and genetic pro-
files (Purcell et al., 2017). Spindle topography might be di-
rectly related to the spindle type that is studied (fast or slow).
Additionally, it has recently been shown that the topography
of spindle amplitude can also depend on the prior learning
task (Petzka et al., 2022) since spindle topographies during
sleep recapitulate spatial patterns of brain activation during
memory encoding, a process that benefits memory consoli-
dation. It is currently unclear whether slow and fast spindles
serve distinct functional roles in memory, and how spindle
topographies are related to memory consolidation. To in-
vestigate this question further, in the present meta-analysis,
we assessed whether spindle type and spindle topography
modulate the strength of spindle-memory association for both
declarative and procedural memory.

1.3.2. Spindle measures

A final important factor to consider when investigating the
effect of sleep spindles on memory is the spindle measures
used. Different aspects, such as count, power, or duration
may reflect distinct underlying physiological processes in the
brain and may be differentially associated with behavioral
outcomes. Although many studies report the relationship be-
tween sleep spindles and memory, it is currently unknown
if the magnitude of these associations depends on different
spindle measures. The present meta-analysis will therefore
assess such differences in the strength of the relationship be-
tween sleep spindles and memory consolidation across vari-
ous spindle measures (Fig. 1).

1.4. Objectives of the meta-analysis

Although there are meta-analyses investigating the relation of
sleep spindles with trait-like aspects like intelligence, cogni-
tive performance, and general cognitive ability (Reynolds et
al., 2018; Ujma, 2018), in the present study, we aim to con-
tribute a more comprehensive overview of the relationship
between sleep spindles and memory. We review the relevant
methodological aspects that vary across studies and report
meta-analytical evidence for the relationship between sleep
spindles measured with EEG and memory. More precisely,
we aimed to address the following main research questions
systematically:

1. What is the overall strength of the association between
sleep spindles and memory performance?
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Fig. 1. Schematic representation of how spindles appear in a non-rapid eye
movement (NREM) sleep in electroencephalogram (EEG) and overview of the
most frequently studied measures. Count: number of spindles; Duration: mean
time (in sec) of spindle events; Density: number of spindles per unit of time (per
minute or per 30 sec); Power: mean amount of activity in spindle frequency; Am-
plitude: the absolute value (in pV) of the maximum negative peak, measured as
the voltage difference between the largest trough and the largest peak; Frequency:
Number of occurrences of a repeating event per unit of time (cycle number/duration)
or maximal spectral peak amplitude (in Hz); Spindle Activity (SpA): mean duration
x amplitude.

2. Does the sleep spindle-memory association depend on
the type of memory that is consolidated (e.g., procedu-
ral vs. declarative)?

3. Do certain spindle types and spindle scalp locations re-
sult in stronger spindle-memory associations?

4. Does the strength of the sleep spindle-memory rela-
tionship depend on the spindle measures?

To investigate the general effect of sleep spindles on mem-
ory, we included studies reporting different kinds of mem-
ory measures. Both memory retention and post-sleep mem-
ory measures were categorized as reflecting the process of
memory consolidation, and thus constitute a state measure
of memory influenced by the specific learning experience.
Trait-like measures of memory, such as recall performance
on a control day or pre-sleep memory performance were cate-
gorized as learning ability, reflecting a general cognitive trait
that is largely independent of the specific learning experience
(Clemens et al., 2006, 2005; Schabus et al., 2008; Sopp et al.,
2018). In the main part of the meta-analysis, we focused on
the association between sleep spindles and memory consol-
idation as a state measure and assessed how various spindle
characteristics influence this relationship, but we also evalu-
ated the overall strength of the spindle-memory association
for the frait measure. We finally explored the strength of the
spindle-memory association depending on the sleep protocol
and sleep duration, as the included studies investigated sleep
both during the whole night and nap sleep protocols.
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2.Methods

2.1. Search strategy

The present meta-analysis was implemented according to the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for designing, implementing,
and reporting systematic reviews and meta-analyses (Page et
al., 2021). The systematic literature search was conducted on
electronic databases including PubMed and PsychINFO in
May 2021 using the following terms: sleep spindles, mem-
ory, EEG as well as database-specific search terms (includ-
ing Medical Subject Heading (MeSH) terms). Additionally,
further sources including reference lists of included studies
and previous systematic reviews on the study topic as well
as two key journals (Neuroscience & Biobehavioral Reviews
and Sleep Medicine Reviews) were searched to increase the
likelihood of retrieving relevant empirical studies.

2.2. Study selection

Studies were included if they 1) reported results from a co-
hort, case-control, cross-sectional or experimental study and
2) assessed the relationship between memory (procedural
and/or declarative) and sleep spindles measured with EEG
in healthy individuals between 18 and 65 years of age. Ad-
ditionally, studies met the inclusion criteria only if they were
published in peer-reviewed journals in English. On top of the
inclusion criteria, we excluded studies with 1) non-human
samples (e.g., rodents, primates), 2) samples from clinical
populations (e.g., neurological or psychiatric disorders), 3)
the use of a reactivation protocol including targeted memory
reactivation (TMR), 4) applying pharmacological (e.g., SS-
RIs) or physiological interventions (e.g., transcranial direct
current stimulation (tDCS), transcranial magnetic stimulation
(TMS), auditory simulations), 5) the absence of a long-term
memory measure (e.g., reporting only working memory or
measures of executive function), or 6) absence of sleep, EEG,
or spindle measures. Other types of studies including system-
atic reviews, meta-analyses, letters to editors, opinions, case
reports, case series, and clinical trials were also excluded.

2.3. Study screening and data extraction

Identified titles and abstracts were screened for relevance,
separately by the two reviewers (DK, AM). Full texts of iden-
tified articles were retrieved and read in full to assess eligibil-
ity for inclusion. A standardized data coding form was devel-
oped to extract the following information from each study:
(a) authors, publication year, and DOI; (b) characteristics
of the study sample (age, gender, number of participants);
(c) spindle characteristics (type and measure); (d) sleep in-
formation (duration, protocol, stage); (e) EEG information
(scalp location, channel); (f) memory type and specific out-
come measure and (g) statistics (e.g., the correlation between
memory and sleep spindles).

In cases of relevant studies not reporting extractable statis-
tics with regard to the association between sleep spindles and
memory performance, authors were contacted via email to
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request the minimum required data for the meta-analysis. E-
mails were sent at least twice at approximately fourteen-day
intervals.

Importantly, we aim to make this meta-analysis transpar-
ent by publicly sharing data files, associated codebooks, and
analysis at Open Science Framework https://osf.io/wu6d7.

2.4. Statistical Analysis

The meta-analysis was conducted using the metafor package
(Viechtbauer, 2010) with the function of rma.mv in the R sta-
tistical software (version 3.5; R Core Team, 2017), allowing
to fit multilevel meta-analytic models.

Before computing the meta-analyses, correlation coefficients
were transformed to the normally distributed Fisher’s z (es-
calc). The Fisher’s z score and its variance were used in the
meta-analyses, and afterwards back-transformed to Pearson’s
correlation coefficients to facilitate interpretation. If Pearson
correlations were not reported, Fisher’s z was estimated using
statistics such as partial r and Spearman’s rank correlation.

Since the studies included in this meta-analysis have de-
pendent effect sizes, with several effect sizes reported from
the same sample, statistical analysis based on traditional ap-
proaches such as averaging all effect sizes, selecting one ef-
fect size per study, or conducting separate meta-analyses in
independent subsets may lead to inaccurate or false-positive
results (Borenstein et al., 2009; Cheung, 2019). The ex-
tant literature has proposed several procedures to account
for these dependencies (Borenstein et al., 2009). In the cur-
rent study, we opted for a multilevel random-effects model
using a restricted maximum likelihood method (REML) to
estimate overall effects and account for the heterogeneity
across included studies (Cheung, 2019; Ferndndez-Castilla et
al., 2020; Konstantopoulos, 2011). The three-level random-
effects model quantifies the sampling variance (level 1), the
variance between effect sizes within studies (level 2), and the
variance of effect sizes between studies (level 3). To exam-
ine variance and heterogeneity among effect sizes of included
studies, we computed () statistics, the significance of @), and
12, respectively. 2 values of ~25%, 50%, and 75% were in-
terpreted as low, moderate, and high, respectively (Higgins
and Thompson, 2002; Quintana, 2015; Thompson and Hig-
gins, 2002). Lastly, the presence of publication bias was ex-
amined by investigating the association between sleep spin-
dles and memory consolidation with the modified version of
the Egger test using standard error as a moderator.

2.5. Moderators

A first moderator analysis was conducted to determine the
overall strength of the association between sleep spindles and
memory performance depending on state consolidation and
trait learning ability measures. With regard to memory con-
solidation measures, we then assessed possible effect size dif-
ferences between memory retention and post-sleep memory
measures. We further investigated differences in the magni-
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tude of sleep-memory associations for declarative compared
with procedural memory. As sleep may contribute differen-
tially to the memory consolidation depending on the proce-
dural memory task (Schendan et al., 2003; Schonauer et al.,
2015; Walker et al., 2003), we also explored effect size dif-
ferences between hippocampal (e.g., finger tapping) vs. non-
hippocampal procedural tasks (e.g., mirror-tracing or motor-
adaptation). We next assessed the effect of spindle type and
EEG scalp topography on memory consolidation. Spindle
type was defined as slow, fast, and global spindle-frequency
range. For investigating scalp topography, we grouped EEG
channels into three coarser brain regions (frontal, central, and
parietal), as the EEG montage system, electrode positioning,
and the number of electrodes varied between studies. We
additionally explored the effect of EEG scalp topography de-
pending on spindle type, as it was previously demonstrated
that slow spindles prevail over anterior and fast spindles over
posterior brain areas (Cox et al., 2017). We finally examined
differences in the spindle-memory association depending on
spindle measures, which were categorized as power, dura-
tion, count, amplitude, density, oscillatory frequency, and
spindle activity (SpA) (Fig. 1). We defined these variables
based on the definition or calculation reported in the original
studies. In addition to these planned analyses, we also ex-
plored the possible effects of sleep protocol (whole night vs.
napping) and sleep duration (in min).

In all analyses, moderator effects for categorical variables
were only considered if at least six to seven effects sizes were
available per category (Tipton et al., 2019).

2.6. Control Analyses

Two control analyses were conducted to compare meta-
analytic results obtained from analyses with and without out-
liers, as the presence of outliers may affect the validity and
robustness of the conclusions from a meta-analysis (Viecht-
bauer and Cheung, 2010). We determined statistical out-
liers using standardized residuals and Cook’s distances (D;)
(Cook, 1977). D; indicates the relative influence of each ef-
fect size on the summary estimate. A standard rule of thumb
for potential outliers is a Di value greater than three times the
mean D;(Viechtbauer and Cheung, 2010). Similarly, as an
outlier criterion, we excluded effect sizes that have standard-
ized residual greater than 3 in absolute magnitude (Hedges
and Olkin, 2014).

As a second control analysis, we excluded studies with the
largest sample size (Ackermann et al., 2015) and the smallest
sample size (Fogel and Smith, 2006) and also on studies that
reported a substantially larger number of estimates than the
average (Blaskovich et al., 2017; Thiirer et al., 2018; k > 130)
and repeated the meta-analysis for the association between
sleep spindles and memory consolidation.

3.Results

3.1. Characteristics of the included studies
After reviewing the 421 titles and abstracts, 140 studies
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were retained for full-text review and screened for eligibility.
Eighty-seven of these studies were excluded for the follow-
ing reasons: Not providing a spindle characteristics or type
diagnosis (n = 12), no clear measure of memory (n = 35), no
sleep (n = 2) or EEG acquisition (n = 4), lacking necessary
data to compute effect sizes (n = 25), investigating dream-
recall (n = 2), working memory/intelligence (n = 6) or other
(n = 1) as shown in Fig. 2. A total of 53 studies were in-
cluded in the final analysis published between 2002 (Gais et
al., 2002) and 2021 (Lutz et al., 2021) (Fig. 3). The included
studies were conducted in the following countries: Germany
(n = 14), United States of America (n = 8), Canada (n = 7),
Austria (n = 6), Switzerland (n = 4), United Kingdom (n =
4), Hungary (n = 4), The Netherlands (n = 2), Japan (n = 2),
Iran (n = 1), and Cuba (n = 1). There were 33 studies inves-
tigating declarative memory, 16 studies assessing procedural
memory, and 4 studies reporting results from both (Acker-
mann et al., 2015; Genzel et al., 2014; Griessenberger et al.,
2013; Holz et al., 2012). Further, there were 6 putatively
non-hippocampal procedural tasks like mirror-tracing (e.g.,
Tamaki et al., 2008; van Schalkwijk et al., 2020) and 14 pro-
cedural tasks that have been shown to rely on hippocampal
contributions, like finger sequence tapping (e.g., Nishida et
al., 2016; Schonauer et al., 2014).

The number of estimates for each measure of interest across
53 studies in 1424 effect sizes can be found in Supplementary
Table 1.

3.2. The association between sleep spindles and
memory performance

We first tested the overall strength of association between
sleep spindles and memory performance including both state
consolidation and trait learning ability measures in 1424
unique associations (k) across 53 independent studies. Us-
ing a three-level meta-analytic model, we observed that the
pooled correlation between sleep spindles and memory per-
formance was r = 0.231; CI: [0.157-0.302]; p < 0.001, re-
flecting a small- to moderate effect size for the spindle-
memory association. Moderation analyses indicated that
there were no differences in effect sizes of the spindle-
memory association between state and trait measures of
memory (Q.,(1) = 0.547, p = 0.460), but we observed a nu-
merically higher effect size for state consolidation measures
(r=0.233, k = 1201) than for trait-like measures (r = 0.214,
k =223).

3.3. Average association between sleep spindles and
memory consolidation

Since our main objective was to assess spindle-dependent
memory consolidation and how various spindle characteris-
tics, including spindle type, spindle topography, and different
spindle measures, influence the spindle-memory relationship,
we focused on state consolidation measures from this point
onwards.

We first tested the strength of association between sleep spin-
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Fig. 2. PRISMA flow diagram of the literature search, screening, and inclusion processes; n = number of studies; k = number of estimates.

dles and memory consolidation and observed a moderate cor-
relation (r = 0.238; CI: [0.163-0.311]; p < 0.001; Supple-
mentary Fig 1). There was substantial heterogeneity among
effect sizes (Q(1200) = 2826.575, p < 0.001; 12(2) = 21.67
and I?(3) = 51.3275 especially moderate to high between-
study heterogeneity. We assessed publication bias using the
modified version of the Egger test using standard error as
moderator and detected significant publication bias (3 = 1.44,
SE =0.48, p=0.0028, Supplementary Fig 2, Supplementary
Fig 3), indicating that significant results are more likely to be
published than small or non-significant findings.

Subsequent moderation analyses further revealed no differ-
ences between memory retention and post-sleep measures
(Qm(1) = 0.330, p = 0.565; memory retention; r = 0.243,
k =589, post-sleep; r = 0.226, k = 612), suggesting that both
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measures show a similar effect size for the spindle-memory
association.

3.4. Spindle-memory association depending on mem-
ory type

To address the second research question, memory type
(declarative vs. procedural) was examined as a moderator for
the mean effect size between sleep spindles and memory con-
solidation. We found that memory type is a significant mod-
erator of the spindle-memory association (Q,,(1) = 7.143,
p = 0.008), with a stronger spindle-memory association for
procedural memory (r = 0.312, p < 0.001, k = 389) than for
declarative memory (r = 0.206, p < 0.001, k = 812), as shown
in Fig. 4A. Although studies employing hippocampal proce-
dural memory tasks (r = 0.262, k = 185) showed higher effect

Kumral etal. | Spindle-dependent memory consolidation
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sizes than those using non-hippocampal tasks (r = 0.181, k =
197), this was not a significant moderator (Q,,,(1) = 0.165, p
= 0.685).

3.5. Spindle-memory association depending on spin-
dle characteristics

3.5.1. Spindle types

We further assessed whether spindle type, i.e., slow or fast
spindles, acted as a moderator for spindle-memory associa-
tions across all studies. There was a no moderation effect of
spindle type (Q,(2) =2.113, p = 0.348; fast; r = 0.260, k =
549, slow; r = 0.227, k = 327, global; r = 0.233, k = 325,
Fig. 4B). The subsequent moderation analysis separately
performed in studies on declarative memory was also non-
significant (Q),,(2) = 0.715, p = 0.699, k = 812), suggesting
no notable difference between the spindle types in declarative
memory (fast; r = 0.244, k = 308, slow; r = 0.250, k = 226,
global; r = 0.215, k = 278). Nevertheless, we found a signif-
icant effect of spindle type (Q,,(2) = 10.095, p = 0.006, k =
389) for procedural memory measures, where global and fast,
but not slow frequency spindles contributed to the spindle-
memory relationship (fast; r =0.242, p =0.01, k =241, slow;
r=0.123, p = 0.372, k = 101, global; r = 0.303, p = 0.008,
k = 47). Follow up post-hoc comparisons with Bonferroni
correction indicated a correlation difference between fast and
slow (fast-slow; rg; s = 0.122, pyq;= 0.002), but not between
fast and global or slow and global spindle frequencies in pro-
cedural memory (pgq; > 0.05).

3.5.2. EEG scalp topography

Next, moderator analyses were conducted to determine if
scalp topography (frontal (k = 349), central (k = 437), or
parietal (k = 222)) modulated the strength of the spindle-
memory relation. There was no significant moderation ef-
fect of scalp topography across all studies (@, (2) = 0.883,
p = 0.663, k = 1008), meaning that there was no influence
of recording location of the spindles on the strength of the
spindle-memory associations (Fig. 4C). Moreover, we cal-
culated separate meta-analyses across studies reporting slow
and fast spindles, respectively and observed no moderator ef-
fect of scalp topography (slow; (Q,(2) =0.186, p =0.911, k
=297, fast; (Q,,(2) = 0.141, p = 0.932, k = 486), suggesting
that the effect sizes of EEG clusters do not differ in studies
reporting either slow or fast spindle frequencies (r = 0.125 —
0.177).

3.5.3. Spindle measures

We further investigated effect size differences in the sleep-
memory association depending on different spindle measures
(amplitude; k = 139, count; k = 235, density; k = 322, dura-
tion; k =145, frequency; k = 27, power; k = 206, and SpA;
k = 127). We found a significant moderation effect of spin-
dle measure (Q,,,(6) = 71.026, p < 0.001, k = 1201) with the
largest effect sizes for frequency and power (Fig. 4D). All
of the spindle measures showed significant memory associa-
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tions (all p < 0.05). The results of the post-hoc tests (number
of comparisons = 21) indicated larger effects for spindle fre-
quency compared to all spindle measures except for spindle
power and amplitude compared to duration (p,q; < 0.05, Sup-
plementary Table 2), while we did not observe any other sig-
nificant effect size differences between the rest of the spindle
measures after Bonferroni correction (all pgq; > 0.05, Sup-
plementary Table 2).

Because only two studies reported the relation of memory
consolidation (procedural memory) with oscillatory peak fre-
quency (Boutin et al., 2018; Thiirer et al., 2018), defined as
maximal spectral peak amplitude (in Hz), we repeated the
analysis after excluding the frequency measure from these
studies (n = 27). After this exclusion, we confirmed the ob-
served findings of the moderator effect of spindle measures
(Qm(5) = 15.926, p = 0.007, k = 1174) with the largest ef-
fect size for the spindle power and the smallest effect size for
SpA. Further post-hoc comparisons (number of comparisons
= 15) similarly indicated that there were significant effect size
differences between amplitude and duration, but not between
other measures (pqq; < 0.05, Supplementary Table 3).

3.6. Exploratory Analyses:

Sleep Protocol and Duration

Moderator analyses were conducted to determine if sleep
protocol (nap vs. whole-night) or sleep duration (as a contin-
uous variable) modulated the strength of the sleep-memory
association. There was no significant difference (Q,,(1) =
1.874, p = 0.171, k = 1166) in sleep-memory associations
for nap sleep (r = 0.169, k = 540) and whole night sleep (r
= 0.272, k = 626). Confirming this result, we also observed
non-significant findings in studies reporting either declarative
(Qm(1) =0.474, p = 0.491, k = 812) or procedural memory
measures (Q,,(1) =1.834, p=0.176, k = 354). Similarly, we
found no significant moderation effect of sleep duration (M
=242.92, SD = 169 min) on spindle-memory association nei-
ther across all studies (Q,,(1) =1.178, p=0.278, k = 1201, r
=0.181), nor separately in studies reporting either declarative
(Qm(1)=1.037, p=0.308, k =812, r = 0.174) or procedural
memory (Q,,(1) =0.203, p =0.652, k =389, r = 0.198).

3.7. Control Analyses

After computing standardized residuals and Cook’s distance
(Di), 50 effect sizes were excluded. We observed similar
findings for the summary estimate of the spindle-dependent
memory consolidation and no major changes occurred to the
results of moderator analyses.

After excluding studies with the largest (Ackermann et al.,
2015, N = 929) and smallest (Fogel and Smith, 2006, N =
4) sample size and a higher number of estimates (Blaskovich
et al., 2017; k = 227; Thiirer et al., 2018; k = 136), no sub-
stantial changes occurred to the main summary statistics with
memory consolidation measures. However, we observed a
major shift in the moderation results. Specifically, the ef-
fect of scalp topography was statistically significant in these

Kumral etal. | Spindle-dependent memory consolidation


https://doi.org/10.1101/2022.07.18.500433
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.18.500433; this version posted July 19, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A.

declarative

Memory Types

procedural ‘ ‘

0.0 0.1 02 0.3 0.4
effect size (r)

o

frontal I |

central I i

EEG Topography

parietal I |

o

Spindle Measures

0.0 0.1 0.2 0.3
effect size (r)

global | |
n
o)
Q
>
|_
@ slow { |
°
£
aQ
()

fast | |
0.0 0.1 0.2 0.3
effect size (r)
SpA

Count —

Duration A
Density e
Amplitude T
Power —
Frequency e E—
0.0 0.2 0.4 0.6

effect size (r)

Fig. 4. The average effect size (r) of sleep-memory associations by A. memory types, B. spindle types, C. EEG topography, and D. spindle measures. Error bars indicate
95% confidence intervals. While we observed significant effect size differences for memory types and spindle measures, there were no significant moderation of spindle type

and scalp topography on spindle-memory consolidation.

analyses, whereas we no longer found a significant effect of
spindle measure on memory consolidation. Given that we re-
moved one-third of the estimates and sample size, such statis-
tical differences are to be expected. The details of both anal-
yses can be found online (https://osf.io/wu6d7/). In this arti-
cle, we focus on the initial findings for the spindle-dependent
memory consolidation using all effect sizes (k = 1201).

4. Discussion

The present meta-analysis aimed to i) determine if there is
sufficient evidence to support the claim that sleep spindles
facilitate memory processing and ii) assess how multiple
factors, including memory type, spindle characteristics, and
EEG scalp topography affect the sleep spindle-memory as-
sociation. The literature search yielded 53 studies that were
quantitatively analyzed. We found a small to moderate ef-
fect size for the association between sleep spindle and mem-
ory measures. Moderation analyses revealed that the associ-
ation between sleep spindles and memory consolidation was
stronger for procedural memory than for declarative memory.
Neither spindle type (i.e. fast vs. slow) nor EEG scalp topog-
raphy impacted the strength of the spindle-memory associa-
tion, but we found a moderator effect of spindle measures,

Kumral etal. | Spindle-dependent memory consolidation

with the largest effect sizes for spindle frequency and spin-
dle power. Exploratory analyses indicated no differences in
effect size for the spindle-memory association between sleep
protocols (nap vs. whole-night sleep) or sleep duration, indi-
cating that sleep spindles may be a general mechanism sup-
porting memory consolidation during sleep.

4.1. Sleep spindles and memory consolidation

The studies included in this meta-analysis reported both asso-
ciations of trait learning abilities with spindle measures, and
how sleep spindles are related to state-dependent consolida-
tion of newly learnt material. We found that sleep spindles
show a consistent relationship with both trait-like and state-
like measures of memory, with a numerically higher effect
size for state-dependent consolidation measures. We focused
our analyses on a systematic investigation of sleep spindles
on the consolidation of newly learnt information. Theoretical
accounts of sleep-dependent memory consolidation postulate
an important role of sleep spindles in memory consolida-
tion. Mechanistically, the consolidation of declarative mem-
ories in NREM sleep is thought to depend on the interaction
of characteristic oscillatory signatures, including sleep spin-
dles. As proposed in the model of active systems consolida-
tion during sleep, brain-wide reactivation and integration of
hippocampal memories requires global synchronization and
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communication between cortical and subcortical neural net-
works (Diekelmann and Born, 2010; Klinzing et al., 2019).
Sleep spindles, which are generated in thalamo-cortical cir-
cuits, may facilitate this dialogue. Cortical neurons are ex-
cited by thalamocortical neurons which generate spindle ac-
tivity in the cortical field potential, while the neocortex in
turn drives spindle onset and regulates their termination via
projections to the thalamus (Timofeev et al., 2001; Timofeev
and Chauvette, 2013), indicating a coordinated communica-
tion between cortical and subcortical structures. This dia-
logue between the thalamus and neocortex is instrumental to
memory functions: optogenetic stimulation of thalamic sleep
spindles drives cross-regional spindle co-occurrence and sup-
ports hippocampus-dependent learning (Latchoumane et al.,
2017). Sleep spindles may thus be actively involved in the
dialogue between segregated brain areas in the service of
memory consolidation. Our finding that sleep spindles sup-
port memory performance, and the consolidation of newly
learnt memories in particular, is thus in line with theoreti-
cal accounts of sleep-dependent memory consolidation and
findings that implicate spindles in nighttime reactivation of
memories. Although we could not directly determine the
neural mechanisms by which sleep spindles exert their in-
fluence on memory functions, we systematically investigated
potential electrophysiological and behavioral moderators to
further characterize the spindle-memory relationship.

4.2. Spindle-dependent memory consolidation in dif-
ferent types of memory

In the current study, we observed that EEG sleep spindles are
associated with memory consolidation in both major memory
domains, consistent with the idea that sleep spindles are not
only implicated in declarative memory (Peyrache and Seibt,
2020; Schabus et al., 2004) but also in procedural mem-
ory and skill learning (Boutin and Doyon, 2020; King et
al., 2017; Walker et al., 2005). Interestingly, the strength
of spindle-memory association was stronger for procedural
than for declarative memory. Previous research on sequential
motor learning tasks demonstrated that increases in BOLD
signal in the cortico-striatal system during learning were cor-
related positively with both fast and slow spindle activity dur-
ing later sleep (Barakat et al., 2013). As these tasks rely on
hippocampal activity, next to the striatum, precuneus, pre-
frontal cortex, and primary motor cortex (Albouy et al., 2015;
Boutin et al., 2018; King et al., 2017), a network of brain re-
gions that overlaps with areas involved in declarative mem-
ory, the role of sleep spindles for the consolidation of sequen-
tial motor learning may be functionally similar to consoli-
dation in the declarative memory system. Indeed, systems
memory consolidation has recently been observed in the pro-
cedural domain (Boutin and Doyon, 2020; King et al., 2017;
Schmid et al., 2020). Importantly, sleep spindles have been
shown to foster changes in the neural substrate supporting
memories and to promote brain-wide integration after learn-
ing in both declarative (Bergmann et al., 2012; Cowan et
al., 2020; Jegou et al., 2019) and procedural memory tasks
(Boutin et al., 2018; Fogel et al., 2017). While historically
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the role of spindles has mainly been discussed for declarative
memory, future theoretical accounts should thus consider that
similar mechanisms may apply in the procedural domain.

Because hippocampal coordination is a central factor in the-
oretical accounts of sleep-dependent consolidation in the
declarative domain, yet many procedural tasks do not require
hippocampal activity during acquisition, we further tested
whether sleep spindles equally contribute to procedural mem-
ory tasks with and without hippocampal involvement (Schen-
dan et al., 2003; Walker et al., 2003). We observed no mod-
erator effect of procedural memory task (non-hippocampal
vs. hippocampal) on spindle-memory associations. This is
in line with a recent meta-analysis that similarly reported a
small effect of sleep on motor memory consolidation with
no notable differences between various motor tasks includ-
ing finger tapping and mirror tracing (Schmid et al., 2020).
This is surprising, given an elaborate theoretical and experi-
mental foundation that links spindle-related consolidation to
a cross-regional dialogue between the hippocampus, thala-
mus, and neocortex (Antony et al., 2019; Latchoumane et al.,
2017; Staresina et al., 2015) and stresses the role of the hip-
pocampus reactivation-dependent consolidation. It has been
suggested that the hippocampus could play a broader role
in tasks traditionally considered hippocampal-independent,
where it may help to reinstate extra-hippocampal memory
traces (Sawangjit et al., 2018). Therefore, both hippocampal
and non-hippocampal procedural memory tasks may indeed
benefit similarly from spindle activity during sleep. Alterna-
tively, sleep spindles may benefit memory via mechanisms
independent of hippocampally coordinated reinstatement of
learning-related activity. Indeed, it has been found that the
thalamus can instruct plasticity in the primary visual cortex
during a sleep period following visual discrimination learn-
ing and that sleep spindles mediate this effect (Durkin et al.,
2017). Spindles’ role in memory may thus be two-fold: In
supporting thalamo-cortical and thalamo-hippocampal com-
munication, they may aid systems-level consolidation, but
their plasticity-promoting properties can also foster synaptic
consolidation, more generally. Because also memory tasks
with no hippocampal contribution showed a spindle-related
consolidation benefit, we would argue that our results sup-
port this more global role for spindles in mnemonic processes
such as consolidation and plasticity.

4.3. Spindle characteristics and their relation to mem-
ory consolidation

4.3.1. Spindle Types and Topography

As mentioned in the introduction, many authors segregate
sleep spindles into two main types according to their oscilla-
tory frequency and topography, with slow spindles occurring
over frontal regions and fast spindles dominating over pari-
etal and central sites (Andrillon et al., 2011; Cox et al., 2017,
Schabus et al., 2007; Urakami, 2008). It has further been hy-
pothesized that slow frontal spindles may be preferentially
generated by cortico-cortical or intracortical mechanisms,
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whereas faster parietal spindle activity is more closely re-
lated to thalamo-cortical communication (Ayoub et al., 2013;
Timofeev and Chauvette, 2013). However, the distinct func-
tional roles of these spindle types remain largely unknown.
Given that spindle oscillations are widely distributed across
the brain, it may seem plausible to assume that sleep spindles
foster the strengthening of memory traces in different mem-
ory systems depending on spindle type (fast vs. slow), their
location, or both. In the present meta-analysis, we assessed
this question by examining the moderator effect of spindle
types and of EEG scalp topography. Although spindle type
and scalp topography did not impact the strength of the over-
all spindle-memory association, we observed that the proce-
dural memory-spindle association was moderated by spin-
dle types, with global and fast sleep spindles, showing the
strongest effect. This result is in line with previous studies,
which demonstrated that global and fast sleep spindles are re-
lated to memory improvement in motor procedural memory
tasks (Barakat et al., 2013, 2011b; Fogel and Smith, 2006;
Nishida and Walker, 2007; Simor et al., 2019; Tamaki et al.,
2008). As fast sleep spindles dominate over parietal and cen-
tral sites including motor regions, we believe that our results
may reflect learning-related patterns of brain activation un-
derlying localized spindle expression during sleep (for a re-
cent study demonstrating this in declarative learning, see Pet-
zka et al., 2022).

Importantly, in the literature, there is no clear consensus on
the spectral distinction between fast and slow sleep spin-
dles (De Gennaro and Ferrara, 2003). While most studies
have highlighted a distinct scalp topography for fast and slow
spindles (Cox et al., 2017; Schabus et al., 2007), several
experiments reported overlapping M/EEG sources for faster
and slower spindle components (Dehghani et al., 2010; Gu-
menyuk et al., 2009). Moreover, unlike in humans, a distinc-
tion between slow frontal and fast parietal spindles in mean
frequency is not found in mice (Kim et al., 2015).

The way in which spindles manifest on the scalp might be
linked to the structural anatomy of the generating network
(see the detailed review: Piantoni et al., 2016). In other
words, the frequency variability might be caused by differ-
ences in anatomical structure, like the length or degree of
myelination of thalamo-cortical white-matter tracts (Piantoni
et al., 2017, 2013), which affect conduction velocity (Fields,
2015) and axonal propagation delays (O’Reilly and Nielsen,
2014). Alternatively, task-specific localization of neuronal
activity may drive functional differences between spindle
subtypes and differences in spindle topography. Speaking
against the idea that slow and fast spindles rely on a dis-
tinct neural circuitry, a recent electrocorticography study
with laminar profiling in humans suggested that slow and fast
spindle subtypes are generated in cortical and thalamic cir-
cuits that have similar projections to cortical regions (Ujma
et al., 2021). Although in the present meta-analysis, we did
not observe effect size differences depending on EEG scalp
location, our results do not contradict the notion that the
topography of sleep spindles can reflect or even bear rele-
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vance to memory consolidation. A recent study suggests that
participant-specific topographies of sleep spindles are related
to regional activation during memory encoding, and spin-
dle activity during later sleep may be relevant for expressing
plasticity in these regions (Petzka et al., 2022). Our topo-
graphical analyses do not reflect such subtle spatial patterns.
Given what we know about spindle generation and their role
in plasticity, determining their regional expression, however,
appears a promising area for future research.

4.3.2. Spindle Measures

Spindle-memory associations can be measured using various
sleep spindles properties including amplitude, count, density,
duration, frequency, power, and SpA. However, it is still un-
known whether the magnitude depends on specific spindle
measures, which may reflect both similar or different bio-
logical underpinnings. In the present meta-analysis, we as-
sessed a moderation effect of spindle measure and expected
that the spindle-memory association would show a similar
strength for different spindle measures, given their high inter-
correlation (O’Reilly and Nielsen, 2014). Yet, we observed
that spindle measures moderated the spindle-memory associ-
ation with the strongest effect for spindle frequency and spin-
dle power.

Individual spindle peak frequency is known to vary broadly,
in a trait-like manner across individuals (Werth et al., 1997),
constant over different nights within a person, influenced by
genetic factors, and resistant to experimental perturbations
(De Gennaro et al., 2008, 2005; Purcell et al., 2017). Given
that spindle frequency is associated with specific anatomical
differences in brain structure (Saletin et al., 2013), the mea-
sure of spindle frequency may reflect individual differences
in functional brain anatomy rather than sleep-specific mecha-
nisms. Thus, participants with faster spindle frequency might
generally show larger sleep-dependent consolidation benefits
routed in anatomical advantages, rather than one individual’s
spindle peak frequency changing with more efficient process-
ing of specific memory content during sleep. It should further
be noted that our finding of the strongest effect for spindle
frequency needs to be interpreted with caution since there
were only two studies (k = 27) reporting the correlation be-
tween spindle peak frequency and memory consolidation.

The role of spindle power in brain plasticity has been pre-
viously shown in research on both animals and humans. In
rodents, it has been demonstrated that spindle power is re-
lated to the degree of synchrony in neuronal activity, network
synchronization, the rate of neural recruitment (Vyazovskiy
et al., 2007), and also Ca2+ dendritic activity synchronization
(Seibt et al., 2017). After lesions to corticothalamic projec-
tions one may expect that the synchrony of spindles is re-
duced, leading to a decrease in spindle power. Such a power
reduction has indeed been observed in patients with unilateral
hemispheric stroke (Gottselig et al., 2002) and with damage
to the left thalamus (Mensen et al., 2018). Moreover, GABA
reuptake inhibitors decrease spindle power and impair sleep-
dependent consolidation of sequential motor learning (Feld et
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al., 2013). Spindle amplitude, which is proportional to spin-
dle power, has also been shown to correlate with the spatial
extent of spindle regional recruitment, reflecting a stronger
degree of modulation in neuronal firing (Nir et al., 2011).
We therefore argue that spindle power, which reflects neural
synchrony and the degree of neuronal recruitment, could be
directly related to sleep-dependent consolidation and plastic-

1ty.

4.4. Nap and Whole-night Sleep

The vast majority of sleep and memory research has been
conducted in either whole night sleep or nap sleep designs.
However, few studies directly investigated whether the cho-
sen sleep protocol directly affects sleep-memory associations
(Lo et al., 2014; Mednick et al., 2003), especially with re-
gards to the role of sleep spindles in memory consolidation
(van Schalkwijk et al., 2019). A recent study on procedu-
ral memory observed naps and whole nights of sleep may
both yield similar memory benefits, suggesting that daytime
naps protect memories from deterioration, whereas whole
night sleep improves performance, especially in procedural
memory (van Schalkwijk et al., 2019). As spindle count and
the number of reactivation events may increase with a full
night of sleep, and the timing of sleep may have an impact on
spindle density (van Schalkwijk et al., 2019), one could ex-
pect that nocturnal sleep would result in larger sleep-memory
associations as compared to napping. In the current meta-
analysis, however, no significant differences between sleep
protocols were found, neither across all studies, nor sepa-
rately in studies reporting declarative or procedural memory.
We further confirmed this finding by moderation analyses
with sleep duration, showing that sleep duration has no ef-
fect on the size of the observed spindle-memory association.
Our results align with four previous meta-analyses reporting
nearly the same effect size for short and long sleep durations
in motor memory (Schmid et al., 2020) and also reporting
no moderating effect of sleep protocol in episodic (Hokett et
al., 2021) or emotional memory (Schifer et al., 2020). Sim-
ilarly, total sleep time was not found to be a significant pre-
dictor for an increase in the sleep benefit in episodic memory
(Berres and Erdfelder, 2021). It thus seems that spindles are a
general mechanism for memory consolidation, regardless of
sleep duration or the timing of sleep.

4.5. Statistical Considerations

In sleep and memory studies, methodological flexibility has
often been combined with a shotgun analytical approach, in
which a high number of statistical analyses were performed
based on several M/EEG scalp locations, spindle types, or
spindle measures (see: recent technical review by Cox and
Fell, 2020), with any significant effect interpreted as mean-
ingful. While the studies reviewed here performed on aver-
age more than 20 statistical tests, only less than half of the
studies used a correction for multiple comparisons. One way
to diminish the risk of false positives in high-dimensional
brain imaging data, such as multi-channel EEG recordings,
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is nonparametric permutation testing, which can take into ac-
count the spatial or temporal distribution of M/EEG data to
reduce the number of comparisons or to adequately control
for them (Maris and Oostenveld, 2007). However, only one
study reviewed here implemented such cluster-level statistics
on the correlation between sleep spindles and behavioral data
(Dehnavi et al., 2019). It would be desirable that in the fu-
ture, more studies looking at spindle-memory associations
accounted for multiple comparisons in a similar way.

While any individual researcher has the freedom of defining
a statistical threshold and the number of statistical tests they
perform, we suggest that the field of sleep and memory re-
search as a whole would benefit if these analytical approaches
were chosen prior to statistical testing even before data col-
lection has begun (Cox and Fell, 2020), as implemented in
study preregistrations. Preregistrations motivate researchers
to formulate hypotheses before seeing the data and can help
research transparency and reproducibility by reducing biases
(Gorgolewski and Poldrack, 2016; Ioannidis et al., 2014).

Another important statistical consideration is low statistical
power because of small sample size (n) that poses a particular
threat to the validity of sleep studies. It is known that studies
with a small n can lead to an estimation of inflated effect sizes
(Schifer and Schwarz, 2019). In the current meta-analysis,
we similarly observed this inflated effect size with smaller
sample sizes. Correlating effect size and sample size across
studies resulted in a significant association (Supplementary
Fig 3), suggesting a clear indication of bias: larger effects
result from smaller samples, while smaller effects were ob-
served in the larger samples. We therefore suggest future
studies should aim for larger sample sizes and complete an
a priori sample size estimation to assure sufficient statistical
power (Cordi and Rasch, 2021). This would reduce the risk
of obtaining spuriously high effect size measures due to the
higher variability in these estimates at a smaller sample size.
Since sleep studies have high monetary and time demands,
collaborative networks and data-sharing initiatives may also
be a promising future avenue for the advancement of sleep
science.

5. Limitations

This meta-analysis aimed to assess the correlation between
sleep spindles and memory performance. Given this ob-
jective, several studies were excluded, in particular, stud-
ies using manipulations (e.g., targeted memory reactiva-
tion, TMR). In TMR, the timing of cue presentation rela-
tive to sleep spindles and to the phase of ongoing SOs de-
termines their efficacy in reactivation and memory consoli-
dation (Antony et al., 2019, 2018; Cox et al., 2014). More
research is needed to determine how strongly TMR impacts
the relationship between sleep oscillatory events and mem-
ory performance. A focus on coupling between SO and sleep
spindles could provide valuable additional insights into the
nature of the relationship between sleep spindles and memory
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consolidation. However, this question was beyond the scope
of the current meta-analysis. While a strength of the current
study is a large participant sample and a high number of esti-
mates, most of the included individual experiments had rela-
tively small sample sizes, which might result in an imprecise
estimation of the respective effect sizes. Future studies in the
field of sleep and memory research should thus aim for larger
sample sizes. Lastly, we broadly clustered EEG channels for
the moderator analyses into frontal, central, and parietal re-
gions, due to a large variability in recording methods between
studies. Using this broad clustering, we found no moderating
effect of spindle location on the spindle-memory association.
Finer regions of interest, or other topographical approaches
would allow investigation of this relationship with better spa-
tial precision. This avenue seems highly promising in light
of recent findings that spindle topographies track regional en-
gagement during memory encoding (Petzka et al., 2022). In
this regard, it may be fruitful to pursue the question of spin-
dle topography and memory association further depending on
different learning tasks.

6. Conclusions

In the present study, we examined meta-analytical evidence
for an association between sleep spindles and memory per-
formance. We assessed how multiple factors, including mem-
ory type, spindle type, different spindle measures, and EEG
scalp topography affect this relationship. The results of this
meta-analysis have demonstrated a medium but robust asso-
ciation between sleep spindles and memory that was largely
independent of spindle type or spindle topography. Collec-
tively, our findings suggest that sleep spindles are involved in
learning and plasticity, and may present a general physiolog-
ical mechanism for sleep-dependent memory consolidation.
Spindle power, in particular, may be a promising predictor
of sleep-dependent memory consolidation. We hope future
studies can take advantage of our findings to highlight the
critical gaps in the understanding of the complex interaction
between sleep spindles, memory, and plasticity.
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11. Supplementary Material

RE Model
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Supplementary Figure 1. Forest plot for the (r) between levels of sleep spindles and long-term memory, reflecting memory consolidation (k = 1201). Correlations
are shown for all effects in the meta-analysis. The size of each dot reflects the weight given to the observed effect during model fitting. The diamond at the bottom shows the
meta-analytically weighted mean correlation (with 95% Cl, z = 0.243, r = 0.238). The dotted vertical line represents an effect size of 0. Multiple measures were adjusted for
dependency using multilevel random effect models (See: Method section).
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Supplementary Figure 2. Funnel plot showing the standard errors of effect sizes between sleep spindles and memory consolidation across all studies with 1201
unique associations. The key areas of statistical significance have been superimposed on the funnel plot. While the red zones show effects between p = 0.1 and p = 0.05,
and the orange zones show effects between p = 0.05 and p = 0.01.
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Supplementary Figure 3. The scatter plot shows the relationship between sample size and effect size. Pearson’s correlation across all studies, reporting memory
consolidation resulted in a significant association (r = -0.175, p < 0.001, k = 1201) suggesting a clear indication of a publication bias taking the form that smaller effects would
result from larger samples and vice versa. Note that to increase the interpretability of the graph, we visualized the correlation plot by excluding one study (Ackermann et al.,
2015) with a higher sample size (N = 929 and r = -0.386, p < 0.001)).
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Supplementary Table 1. The number of estimates for
each measure of interests across extracted 53 studies with

1424 effect sizes.

Variables

N

total estimates

learning ability (trait)
memory consolidation (state)
memory retention
post-sleep

Memory types
declarative memory
procedural memory
hippocampal tasks
non-hippocampal tasks
Spindle features

fast

slow

global

EEG scalp topography
frontal

central

parietal

others (e.g., temporal, occipital)
Spindle measures
amplitude

count

density

duration

frequency

power

spindle activity

Sleep protocol

sleep

nap

others (e.g., half-night, cycle)

1424

223

1201

589
615

939
485
213
272

607
348
469

427
484
275
238

161
340
373
172
36

211
131

779
577
68
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Supplementary Table 2. Post-hoc comparisons for the moderation analysis of spindle
measures on spindle-memory associations.

Note that p-values are adjusted according to Bonferroni correction.

*** < 0.001, * < 0.01, *< 0.05, . < 0.1

comparisons Estimate (difference) p,q;
count-amplitude -0.123 0.177
density-amplitude -0.059 1.000
duration-amplitude -0.122 0.009 *
frequency-amplitude  0.340 <0.001  ***
power-amplitude 0.047 1.000
SpA-amplitude -0.149 0.832
density-count 0.063 1.000
duration-count 0.001 1.000
frequency-count 0.463 <0.001  ***
power-count 0.170 0.808
SpA-count -0.026 1.000
duration-density -0.062 0.905
frequency-density 0.399 <0.001 ¥
power-density 0.106 1.000
SpA-density -0.090 1.000
frequency-duration 0.461 <0.001  ***
power-duration 0.169 0.669
SpA-duration -0.027 1.000
power-frequency -0.292 0.051 .
SpA-frequency -0.489 <0.001  ***
SpA-power -0.196 1.000
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Supplementary Table 3. Post-hoc comparisons for the
moderation analysis of spindle measures on spindle-
memory associations after excluding 2 studies reporting

frequency measure (N = 27).

Note that p-values are adjusted according to Bonferroni
correction. *** < 0.001, ** < 0.01, *< 0.05, . < 0.1

comparisons Estimate pgq;
count-amplitude -0.113 0.237
density-amplitude  -0.053 1.000
duration-amplitude -0.114 0.015 *
power-amplitude 0.051 1.000
SpA-amplitude -0.144 0.706
density-count 0.059 1.000
duration-count -0.001 1.000
power-count 0.165 0.671
SpA-count -0.031 1.000
duration-density -0.060 0.730
power-density 0.105 1.000
SpA-density -0.090 1.000
power-duration 0.166 0.516
SpA-duration -0.029 1.000
SpA-power -0.196 0.723
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