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Slow-wave sleep (SWS) plays a pivotal role in memory consolidation, and electroencephalography (EEG) has provided critical insights into the neural mechanisms underlying these processes. In this mini-review, we discuss how SWS supports the processing of both declarative and procedural memory, in addition to higher cognitive functioning. We focus on the latest evidence from human EEG studies that examine temporal regularities alongside those that have demonstrated the coordinated interplay between slow oscillations, sleep spindles, and hippocampal ripples. We discuss how the precise temporal coupling of these oscillatory events facilitates memory transfer from the hippocampus to the neocortex, enhancing neuronal reactivation and optimizing long-term memory consolidation. We also examine how disruptions to SWS—due to lifestyle factors, ageing, neurological disorders, or pharmacological agents—can impair slow-wave activity and spindle dynamics, leading to memory deficits. Further, we highlight emerging neuromodulation techniques, such as transcranial direct current stimulation and closed-loop auditory stimulation, which harness EEG-based insights to enhance SWS and improve memory outcomes. These findings collectively demonstrate the potential of integrating EEG methodologies with targeted therapeutic interventions to restore SWS, optimize memory consolidation and enhance cognitive health. Finally, we recommend directions for future research aimed at refining these approaches, evaluating their long-term efficacy across diverse populations, and exploring new strategies to preserve memory function in the context of healthy ageing and neurological disease.
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Introduction

Sleep plays a critical role in offline memory processing and impacts how memories are consolidated. Memory consolidation refers to the stabilization of newly encoded information, its transfer from short-term to long-term storage, and its integration into existing memory networks (Alberini et al., 2013; Breton and Robertson, 2013). Slow-wave sleep (SWS) in particular has been linked with facilitating this consolidation (Gais and Born, 2004; Marshall and Born, 2007; Prehn-Kristensen et al., 2014; Sopp et al., 2018). This mini-review examines recent evidence on the role of SWS, with a focus on its microstructure (e.g., slow oscillations, spindles, and their coupling) over macrostructure (e.g., total time spent in SWS) on declarative and procedural memory, as well as higher order cognitive functions, examined through the lens of human electroencephalography (EEG). A deeper understanding of these precise mechanisms is crucial for the development of targeted interventions to optimize sleep and enhance memory consolidation.

SWS is characterized by high-amplitude slow waves that occur at a frequency of 0.5–4 Hz, including slow oscillations (0.5–1 Hz), which have a peak-to-peak amplitude of ≥75 μV (Spriggs, 2010; Mölle and Born, 2011a,b; Troester et al., 2023). Slow oscillations represent synchronized neuronal activity alternating between up-states (neuronal depolarization) and down-states (neuronal hyperpolarization) (Farhadian et al., 2021; Menicucci et al., 2020). Sleep spindles, brief (<500 ms) bursts of rhythmic activity at 11–16 Hz, are also observed in SWS and are closely linked to sigma power in the EEG (12–16 Hz), with higher sigma power indicating higher spindle rates (Spriggs, 2010; Troester et al., 2023). While spindles typically occur during N2 sleep, this mini-review will focus on those seen in SWS which may be more critical for memory consolidation (Staresina et al., 2023). This is discussed further in the ‘The role of slow-wave sleep in declarative memory’.

These oscillations are typically measured using EEG, a non-invasive technique that records the synchronous electrical activity of cortical neurons via electrodes placed on the scalp (Nayak and Anilkumar, 2025). EEG offers a high temporal resolution, enabling real-time observation and precise tracking of neural oscillations across a broad range of frequencies.

SWS has been primarily associated with both the consolidation of declarative memory, the system responsible for learning facts and events (Ackermann and Rasch, 2014; Marshall and Born, 2007; Plihal and Born, 1997), and higher cognitive processing (Lerner and Gluck, 2019). However, growing evidence suggests that SWS also contributes to procedural memory consolidation, including the acquisition of motor skills (Astill et al., 2014; Cousins et al., 2014). Sleep disruptions can interfere with SWS microstructure, thereby impairing memory consolidation and subsequent cognitive functioning. Such disruptions are becoming increasingly prevalent due to modern lifestyles, driven by factors such as exposure to blue light-emitting devices (Ishizawa et al., 2021), the use of pharmaceuticals for neurological disorders such as anti-seizure medications for epilepsy (Roebber et al., 2022), mental health conditions including depression (Riemann et al., 2020), and age-related changes (Hornung et al., 2005). Therefore, understanding how these diverse disruptions differentially impact SWS-related memory processes is essential for informing strategies that preserve cognitive health across the lifespan, in both clinical and healthy populations, and mitigate the growing societal burden of memory-related impairments.

Human EEG studies have considerably advanced our understanding of the neurophysiological mechanisms underlying sleep-dependent memory consolidation. This mini-review will highlight the central role of slow oscillations and their coordination with sleep spindles and hippocampal ripples in facilitating hippocampo-neocortical communication – processes critical for memory consolidation. We will also discuss higher cognitive processes and how disruptions to SWS can adversely impact memory performance, underscoring the importance of this sleep stage in offline memory processing. Finally, we will examine emerging therapeutic interventions designed to mitigate SWS disruptions and enhance memory consolidation, highlighting the potential of targeting SWS to improve memory and cognitive function.


The role of slow-wave sleep in declarative memory

Declarative memory refers to the ability to recall facts and events and can be categorized into two subtypes: semantic memory (facts) and episodic memory (events) (Tulving, 1972). SWS has long been recognized as playing a key role in the consolidation and retrieval of declarative memories (Höller et al., 2024; Plihal and Born, 1997; Prehn-Kristensen et al., 2014; Zohuri and McDaniel, 2022). Retrieval refers to the process of accessing stored information from long-term memory (Gilboa, 2015). During wakefulness, representations of newly acquired declarative memories are initially encoded within the hippocampus (Gais and Born, 2004; Marshall et al., 2004; Sopp et al., 2018). These memories are then replayed and reactivated through coordinated hippocampal neural firing during SWS, facilitating their transfer from a fragile, hippocampus-dependent state to more stable neocortical storage (Cox et al., 2020; Fogel et al., 2007; Siapas and Wilson, 1998). EEG studies have demonstrated that neuronal reactivation during SWS following declarative learning strengthens memory consolidation by supporting this hippocampo-neocortical transfer (Gais and Born, 2004; Mölle & Born, 2011a,b). Critically, this process is mediated by the precise temporal coupling between slow oscillations and sleep spindles, which orchestrate neuronal reactivation and synaptic plasticity, thereby enhancing consolidation (Hahn et al., 2022; Hong et al., 2025; Joechner et al., 2023; Mölle & Born, 2011a,b; Sánchez-Corzo et al., 2024). This synchrony reflects the reprocessing of newly acquired information, with coherence between slow oscillations and spindles increasing during periods of sleep undertaken within an hour of intensive declarative learning (Zohuri and McDaniel, 2022). A potential explanation for this evidence of temporal coupling is that SWS provides an optimal neurochemical environment for memory reprocessing (Gais and Born, 2004; Zohuri and McDaniel, 2022). Elevated cholinergic tone has been suggested to support memory encoding, but if not downregulated during sleep, it may interfere with the consolidation of hippocampus-dependent declarative memories (Gais and Born, 2004). Similarly, elevated cortisol levels exert an inhibitory effect on hippocampal feedback mechanisms, further disrupting memory consolidation (McAuley et al., 2009).

Spindles that arise in SWS have been proposed to play a more important role in memory consolidation than those found in N2 sleep due to temporal coupling (Staresina et al., 2023). This highlights an important distinction around the functional significance of isolated spindles in N2 versus SWS-coupled spindles, as it suggests that the timing and coordination of spindles with other oscillations, rather than their absolute quantity, may be more critical for memory. A key function of N2 spindles is their role in raising arousal thresholds and shielding the sleeping brain from external stimuli, thereby serving as a protective factor from awakenings (Dang-Vu et al., 2010; Fernandez and Lüthi, 2019). They have also been consistently associated with local cortical plasticity and are considered a physiological index of trait-like cognitive abilities and experience-dependent learning rather than in systems-level memory transfer (Barakat et al., 2013; Fernandez and Lüthi, 2019; Fogel and Smith, 2011). While memory consolidation may involve bidirectional interactions between sleep microstructure and neural reactivation, evidence from transcranial and auditory stimulation supports the view that the coordination between slow oscillations and spindles during SWS plays an active, mechanistic role in facilitating memory consolidation (Marshall et al., 2006; Marshall et al., 2004; Ngo et al., 2013).

Slow oscillations help coordinate thalamocortical spindle activity by providing depolarizing up-states, which are reflected in surface-positive field potentials. These up-states promote cortical excitability and create favorable conditions for the synaptic plasticity necessary for long-term memory formation (Gais and Born, 2004; Mölle et al., 2002). This is supported by recent studies which employed intracranial EEG where depth electrodes were stereotactically implanted into the brain of epilepsy patients to localize seizure foci (Dasgupta et al., 2022; Staresina et al., 2023). These studies demonstrate that thalamic spindles, facilitated by slow oscillation up-states, organize the occurrence of ripples which establish the optimal conditions required for synaptic plasticity and consolidation (Staresina et al., 2023). EEG studies using transcranial direct current stimulation (tDCS) during SWS have further emphasized its critical role in declarative memory formation. A study utilizing anodal tDCS of frontocortical regions during SWS-rich sleep demonstrated that stimulation was associated with greater slow-wave activity (<3 Hz), and increased retention of word pairs (Marshall et al., 2004). This is further supported by evidence displaying that the interplay between slow oscillations and spindles during SWS – specifically, the coordination between maximum spindle amplitude and slow oscillation up-states – was marked by significant improvement in declarative memory consolidation (Mikutta et al., 2019). In summary, the mechanisms underlying SWS – including reactivation processes, temporal coordination between slow oscillations and spindles, and optimal neurochemical environments – play a crucial role in facilitating the transfer and integration of declarative memories into long-term storage.



The role of slow-wave sleep in procedural memory

While procedural memory has been more closely associated with rapid eye movement (REM) sleep (Marshall and Born, 2007), emerging research suggests that SWS also plays a critical role in its consolidation (Fogel et al., 2007; Höller et al., 2024). Both slow-wave activity and spindle-related sigma power contribute to enhancing motor skill learning (Fogel et al., 2007; Holz et al., 2012). Sigma power is associated with memory reactivation and processes supporting synaptic plasticity during sleep (Menicucci et al., 2020; Xia et al., 2023). This is particularly important as sleep spindles are crucial for facilitating communication between the motor cortex and subcortical structures such as the basal ganglia (Barakat et al., 2013; Holz et al., 2012; Salih et al., 2009). Moreover, higher sigma power has been linked to enhanced performance in procedural memory tasks (Holz et al., 2012). Spindle-related sigma activity may therefore promote neuronal reactivation during sleep, thereby enhancing procedural memory consolidation. Further evidence has demonstrated that enhanced slow-wave and sigma activity after motor learning is associated with superior skill retention (Holz et al., 2012; Poon et al., 2019).

Sharp-wave ripples (SWRs) are also implicated in memory consolidation, particularly in the transfer of information from the hippocampus to the neocortex (Zhou and Norimoto, 2023). SWRs consist of two components: sharp waves, which are large, negative deflections in the local field potential generated by synchronized depolarization of hippocampal pyramidal neurons, and ripples, brief high-frequency oscillations (typically 110–180 Hz) superimposed on the sharp wave, thought to reflect coordinated neuronal firing (Hall and Wang, 2023; Liu et al., 2022; Norman et al., 2019). Ripples are often triggered by sharp waves and may support the replay of memory traces during sleep, facilitating their consolidation into long-term storage (Hall and Wang, 2023; Liu et al., 2022; Norman et al., 2019). SWRs in the hippocampus are nested within spindle troughs, and spindles are thought to coordinate the timing of these ripples to facilitate information transfer from the hippocampus to the neocortex (Wunderlin et al., 2021). This precise temporal coordination may support hippocampo-neocortical communication by aligning hippocampal output with periods of increased cortical excitability, thereby enhancing consolidation (Helfrich et al., 2019; Staresina et al., 2023; Wunderlin et al., 2021). Supporting this, fast spindles are more likely to occur following a period of motor learning, particularly during slow oscillation up-states, and slow oscillation-spindle coupling is in turn associated with improved memory consolidation (Solano et al., 2022). Mikutta et al. (2019) provided further evidence to support this by demonstrating that the strength of slow oscillation-spindle coupling, as measured by the modulation index, is correlated with procedural memory consolidation (Mikutta et al., 2019). In summary, there is a growing body of evidence supporting the coupling of spindles and slow oscillations in facilitating the consolidation of procedural memory, by coordinating cross-regional communication and optimizing temporal dynamics for memory processing (Figure 1).
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FIGURE 1
 Interactions between slow oscillations, spindles, and ripples supporting memory consolidation during sleep. The diagram illustrates the temporal coordination between three key neural oscillations—slow oscillations, spindles, and ripples—and their roles in memory consolidation. Spindles occur during the up-state of slow oscillations, enhancing hippocampo-cortical communication. Ripples, nested within spindle troughs, facilitate the transfer of reactivated memory traces from hippocampus to cortex. Additionally, ripples can co-occur with the up-state of slow oscillations, optimizing synaptic plasticity and memory consolidation.




The role of slow-wave sleep in higher cognitive processing

In addition to its role in declarative and procedural memory consolidation, growing evidence suggests SWS also supports higher cognitive processes such as pattern extraction, rule learning, and insight. These functions rely on the integration of information across events, often involving temporal regularities and hippocampal–neocortical communication (Lerner and Gluck, 2019, 2022).

It has been suggested that hippocampal memories are replayed in a temporally compressed format during SWS, allowing for temporal patterns and connections to be identified during sleep that were separate during encoding (Lerner and Gluck, 2019). This is evidenced, for example, in the number reduction task, where participants are significantly more likely to gain explicit insight into a hidden temporal rule following SWS-rich sleep compared to equivalent periods of wakefulness (Wagner et al., 2004; Yordanova et al., 2008; Yordanova et al., 2012). Similar findings have also been reported across a range of other cognitive tasks. For instance, in the serial reaction time task, which is often used to examine procedural learning (Robertson et al., 2004), SWS has been shown to promote the transition from implicit to explicit knowledge of embedded sequences (Wilhelm et al., 2013). This is further supported by targeted memory reactivation during SWS, with performance improvements linked to SWS duration and slow oscillation-spindle coupling (Cousins et al., 2014; Diekelmann et al., 2016; Yordanova et al., 2017). Robertson et al. also highlighted the role of awareness in moderating the effect of sleep on sequence learning, suggesting that sleep may support explicit abstraction under specific conditions (Robertson et al., 2004).

Beyond motor learning, evidence from statistical learning paradigms further supports a role for SWS in abstraction. SWS has been shown to facilitate the extraction of probabilistic regularities across auditory streams (Durrant et al., 2013, 2016; Durrant et al., 2011). Additionally, reactivation during SWS has been shown to enhance the recognition of structured patterns, implicating offline reprocessing in the extraction of higher-order structure (Hennies et al., 2017). Similarly, studies using artificial grammar learning paradigms have demonstrated improved rule generalization following SWS, again suggesting that sleep supports the abstraction of latent structure from newly learned material (Gaskell et al., 2014).

Collectively, these findings indicate that SWS supports not only the stabilization of individual memory traces, but also the abstraction of temporal regularities and hidden rules across experiences that were not evident during wakeful encoding (Lewis and Durrant, 2011). Increased coordination between slow oscillations and sleep spindles during SWS may thus provide a critical mechanism for reorganizing hippocampal-dependent memories and promoting the emergence of higher-level cognitive processing.



Disruptions to slow-wave sleep and their impact on memory

Sleep duration and quality can be disrupted by various factors, including modern lifestyle pressures (Ishizawa et al., 2021), ageing (Hornung et al., 2005), neurological conditions like Alzheimer’s disease (AD) (Hanert et al., 2024) and epilepsy (van Schalkwijk et al., 2018), and pharmaceutical interventions (Roebber et al., 2022) (Figure 2). Poor sleep quality is associated with reduced hippocampal volume (Fjell et al., 2020), which may in turn impair declarative memory performance, given that greater hippocampal volume has been linked to better outcomes on tasks such as the California Verbal Learning Test (Pohlack et al., 2014). Sleep deprivation and disruption can be side effects of modern work-life pressures, with a growing proportion of the population failing to meet the recommended minimum of 7 h sleep per night (Watson et al., 2015). Recent reports indicate that approximately 30% of adults regularly obtain less than this recommended amount, and only 15% achieve this minimum across five consecutive nights (Scott et al., 2024). This is substantial as sleep deprivation significantly attenuates slow oscillation-spindle coupling, leading to impaired declarative and procedural memory retention (Snipes et al., 2022). Sleep loss has been shown to impair SWS and disrupt the balance of cortical excitability necessary for memory integration (Abel et al., 2013). This disruption is linked to increased theta activity (4–8 Hz), which reflects a slowing of neural processing and reduced cortical responsiveness (Magnuson et al., 2022; Snipes et al., 2022). Elevated theta power can persist for up to 24 h after sleep deprivation and is associated with poorer performance on visuomotor memory tasks (Magnuson et al., 2022). Additionally, reduced cortical inhibition during heightened theta activity may further interfere with memory-related neural dynamics, suggesting that sleep loss can alter the functional readiness of the brain for memory processing (Snipes et al., 2022).
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FIGURE 2
 Overview of common sleep disruptions and their impact on slow-wave sleep (SWS) and memory. Four major sources of sleep disruption are highlighted, including how they impact SWS microstructure and the subsequent effects on memory and cognitive health.


Given our ageing population, it is becoming increasingly important to consider age-related changes to SWS and memory (World Health Organisation, 2024). Ageing is associated with increased rates of overnight arousals, reducing SWS quantity and impairing cognitive functioning (Spriggs, 2010; Zeller et al., 2024). This is particularly concerning given that a 1% reduction in SWS is linked to a 27% increased risk of dementia (Himali et al., 2023). Individuals with neurodegenerative diseases such as AD often exhibit pronounced SWS deficits, which contribute to a bidirectional cycle where cognitive decline can worsen sleep disturbances, and disrupted sleep further exacerbates cognitive impairment (Himali et al., 2023; Zeller et al., 2024). EEG studies demonstrate that patients with AD have significantly reduced spindle amplitude and shorter slow oscillation duration compared to healthy adults, which is believed to disrupt hippocampus-dependent memory consolidation (Hanert et al., 2024). Additionally, disruptions to SWS may underlie reduced synaptic consolidation in these individuals (Joechner et al., 2023). SWS quantity begins to decline around the age of 60 and is linked to increased risk of AD amongst other dementias (Himali et al., 2023). This association is thought to reflect the role of SWS in clearing metabolic waste from the brain, including the protein amyloid-β, a hallmark of AD (Himali et al., 2023). These findings illustrate the varied and critical role of SWS in maintaining cognitive health across the lifespan.

The importance of SWS is further highlighted when considering other neurological conditions, such as epilepsy (van Schalkwijk et al., 2018). Nocturnal seizures lead to a significant decline in memory retention rates, dropping from 92% to 60% (Sarkis et al., 2016). In addition, interictal epileptiform discharges originating in the hippocampus during sleep have been shown to impact long-term declarative memory consolidation (Lambert et al., 2021). Anti-seizure medications themselves can also have a detrimental impact on the slow oscillation-spindle coupling necessary for memory consolidation and integration (Motamedi and Meador, 2004; Roebber et al., 2022). When examining SWS microstructure in a heterogeneous cohort of individuals with epilepsy after administering different anti-seizure medications, EEG recordings showed a reduction in both slow oscillation-spindle coupling and slow oscillation amplitude (Roebber et al., 2022). Moreover, a reduction in medication showed improvements to declarative memory (Durwen and Elger, 1993; Motamedi and Meador, 2004).



Targeting slow-wave sleep: therapeutic interventions to improve memory

Considering the critical role SWS plays in memory, several therapeutic strategies have been developed to enhance its function. Neuromodulation techniques such as tDCS and closed-loop auditory stimulation have been shown to increase slow-wave activity and improve memory performance (Marshall et al., 2004; Wunderlin et al., 2021), while pharmacological and behavioral strategies can also be used to manipulate SWS (Cross et al., 2025; Rasch and Born, 2013). Marshall et al. (2004) applied anodal tDCS during the first sleep cycle, a period rich in SWS but relatively low in REM. While declarative memory was significantly enhanced under these conditions, procedural memory showed no improvement. The authors proposed that this may be due to the use of a mirror-tracing task, which could rely more heavily on REM sleep. However, this null result contrasts with literature suggesting that procedural memory can benefit from SWS (Fogel et al., 2007; Höller et al., 2024). Transcranial oscillating direct current stimulation (toDCS) targeting SWS has shown similar effects to tDCS. In children with ADHD, whose declarative memory consolidation is typically impaired, toDCS can restore memory performance to levels comparable to healthy controls (Prehn-Kristensen et al., 2014). These contradictory findings highlight the need for further research to characterize the stage- and task-specificity of procedural memory consolidation, as well as to refine the stimulation parameters of neuromodulatory techniques — including spatial targeting, frequency, amplitude, and timing — that may enhance their effects.

Phase-locked acoustic stimulation is another non-invasive technique whereby short acoustic stimuli are delivered, synchronized to slow wave peaks (Zeller et al., 2024). This increases slow-wave activity, as well as spindle power and delta and theta oscillations, resulting in improved memory performance, even in older adults with cognitive impairments (Zeller et al., 2024). While still under development, this technique shows potential for application in individuals with cognitive impairments, such as those with AD (Wunderlin et al., 2021). Another novel therapeutic approach is closed-loop vibration stimulation, which delivers brief vibratory pulses synchronized with the individual’s heart rate (Choi et al., 2021). This was shown to enhance the depth of SWS, as seen in EEG spectral power and frequency measures, and to improve declarative and motor learning through slow-wave activity, slow oscillation-spindle coupling, and theta power (Choi et al., 2021; Hahn et al., 2022).

Pharmaceutical interventions have been used to target neuromodulatory systems such as the cholinergic system to manipulate SWS microstates and promote memory consolidation. Cholinergic activation is highest during wakefulness (Marshall and Born, 2007) and naturally low after periods of declarative learning (Zohuri and McDaniel, 2022). Experimental studies using cholinergic antagonists have demonstrated that blocking cholinergic activity promotes declarative memory consolidation, while procedural memory is largely unaffected (Gais and Born, 2004; Rasch and Born, 2013).

Finally, behavioral strategies such as targeted memory reactivation (TMR) have been proposed to selectively reinforce memory traces during SWS (Cross et al., 2025). This involves pairing learning with auditory or olfactory stimuli, with re-exposure to cues during SWS shown to increase hippocampal activation (Marshall and Born, 2007), spindle rates and duration, and slow wave amplitude (Sánchez-Corzo et al., 2024), to facilitate memory consolidation (Marshall and Born, 2007). Given the promising results of these therapeutic interventions, future research should aim to refine or combine these approaches to optimize memory consolidation — not only in individuals with cognitive impairments, but also across the wider population.




Conclusion

In summary, we have highlighted the critical and multifaceted role of SWS in offline memory processing, particularly in the consolidation of both declarative and procedural memory and higher order cognitive functions. Declarative memory consolidation during SWS is driven by reactivation of hippocampal neural firing, a process facilitated by the synchronized interplay of slow oscillations and sleep spindles, as well as the suppression of cholinergic tone and cortisol feedback. In contrast, procedural memory consolidation is closely linked to sigma activity and precise temporal coupling between spindles and slow oscillations, which optimize conditions for synaptic plasticity and support the coordination of cross-regional communication. Additionally, SWS has been demonstrated to extend its role beyond memory consolidation itself to support the abstraction of patterns, rules, and structure across experiences. Through hippocampal-neocortical interactions and temporally compressed replay, SWS facilitates the integration and transformation of memories, enabling the emergence of higher-order cognitive insight.

Advancing our understanding of how SWS supports memory consolidation and how this can be effectively enhanced holds significant potential for developing therapies that enhance cognitive resilience in ageing and neurodegenerative diseases. As such, a key recommendation for future research is to combine normative EEG-based mapping of SWS with behavioral assessments across memory systems to distinguish healthy ageing from pathological sleep disruptions. This approach could further guide the development of targeted interventions to preserve and improve cognitive function across the lifespan and promote healthy ageing.
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