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Executive Summary 

Closed-loop auditory stimulation (CLAS) is an innovative, non-invasive technology that 

enhances the depth and quality of deep sleep by delivering precisely timed sounds that align 

with brain rhythms. Unlike pharmaceutical approaches, CLAS works in harmony with the 

brain’s natural sleep structure, promoting deep sleep to support memory, recovery, 

cardiovascular function, and long-term brain health. Supported by a growing body of clinical 

and neuroscience research, Tosoo’s CLAS headband allows this powerful method to be used 

safely and comfortably at home. This white paper outlines the science behind CLAS and 

highlights its transformative potential across a wide range of applications, from enhancing 

cognitive performance to supporting patients with neurodegenerative or neurological 

conditions.  
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Introduction 

Good sleep is essential for our health, memory, and mental performance. In recent years, a 

novel technology known as closed-loop auditory stimulation (CLAS) has shown promising 

results in enhancing sleep quality by modulating brain activity. CLAS works by delivering brief 

auditory tones that are precisely timed with specific phases of brain waves during sleep. This 

stimulation can make sleep deeper and more restorative, leading to measurable benefits for 

both the brain and body. 

The implementation of CLAS requires accurate monitoring of brain signals using electrodes, 

a device capable of interpreting this data in real time, as well as headphones to play the tones. 

To make this technology more accessible and user-friendly, our portable EEG headband 

provides a comfortable, all-in-one solution that integrates the electrodes, the recording device, 

and the audio delivery system. This way, individuals can benefit from CLAS independently in 

the comfort of their own homes. 

CLAS has undergone numerous research studies and has shown strong potential to enhance 

the benefits of sleep in a safe, non-invasive manner. Unlike pharmaceutical sleep aids, CLAS 

does not disrupt the natural sleep structure. This white paper provides an overview of the 

scientific foundation of CLAS and highlights the key advantages of this technology for 

improving sleep and related brain functions, as well as potential clinical applications. 
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Our CLAS Technology 

This section describes the protocol we use for closed-loop auditory stimulation (CLAS). In this 

established protocol, brief tones are played during deep non-rapid eye movement (non-REM) 

sleep, also known as slow-wave sleep. The term slow-wave sleep refers to the most typical 

brain waves occurring during this sleep stage, the so-called slow waves (see Fig. 1B). Slow 

waves are a hallmark of restorative sleep and are closely linked to sleep depth and recovery 

processes. The tones delivered during CLAS are precisely timed to a specific phase of these 

slow waves. Usually tones are played during the “up-phase” or peak of the ongoing slow waves 

(Fig. 1B, red dots). With our technology, it is, however, also possible to target other phases of 

slow waves during non-REM sleep, for example the “down-phase” (Fattinger et al., 2017; 

Leach et al., 2024). 

The tones used in CLAS are typically short bursts of pink noise that sound like soft clicks, 

subtle enough not to wake the sleeper but adequate to influence brain activity. To determine 

when a person enters deep sleep, electrodes monitor brain signals, and the recording device 

utilizes real-time analysis to detect the optimal moment to play the sound. Figure 1 provides 

an overview of our standard CLAS protocol and shows the prototype of the Tosoo CLAS 

headband, which integrates brain signal detection and sound delivery into a single, user-

friendly wearable device. 

 
Figure 1. Schematic overview of our CLAS technology. A: Prototype of the Tosoo headband 

including detection electrodes, the recording device, and headphones. B: Example brain activity (EEG 

signal) typical for non-rapid eye movement (non-REM) sleep. Arrows indicate the typical EEG 

characteristics of this sleep stage including slow waves and sleep spindles. For auditory stimulation, a 

phase-locked loop is used to precisely target the rising phase (or up-phase) of sleep slow waves. Red 

dots illustrate the short (50 ms) tones of pink noise that are applied. The top-right corner shows the 

phase-precision of the Tosoo CLAS headband. Zero degrees corresponds to the zero-crossing and 90° 

to the positive peak. Illustration adapted from Lustenberger et al., 2022 and Huwiler et al., 2022.  

The first and primary part of this white paper provides scientific insights from studies utilizing 

established protocols of the CLAS technology, all of which target specific phases, usually the 

“up-phase”, of slow waves during non-REM sleep (as shown in Fig. 1). Alternative approaches, 

such as stimulation during rapid-eye movement (REM) sleep and wakefulness, will be 

discussed in the final section of this white paper.  
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Boosting Deep Sleep Brain Activity and Sleep Recovery 

More than a decade ago, research by Ngo and colleagues (2013) demonstrated for the first 

time that playing auditory tones during the peak (up-phase) of ongoing slow waves in deep 

non-REM sleep can profoundly enhance these brain waves (Fig. 2A). Since then, numerous 

studies utilizing up-phase CLAS protocols have confirmed this effect (Kasties et al., 2024; 

Leach et al., 2024; Ong et al., 2018; Papalambros et al., 2017). Slow waves are typically 

quantified by analyzing slow-wave activity (SWA), which reflects their amplitude and serves 

as an indicator of sleep depth. The gradual decline of SWA across a night is considered a 

marker of the brain’s recovery processes during sleep. A study by Krugliakova and colleagues 

(2022), which employed a previous version of our Tosoo CLAS headband in combination with 

a high-resolution electrode net, showed a widespread increase in SWA across the brain (Fig. 

2B). Moreover, they demonstrated that CLAS accelerates the typical overnight decline in SWA 

and leads to improved attentional performance the next morning. These findings suggest that 

up-phase CLAS protocols deepen sleep in a way that enhances physiological sleep and thus 

sleep recovery. 

 

  
Figure 2. Boosting deep sleep brain activity using the CLAS technology. A: Averaged EEG signal 

(brain activity) from eleven participants time locked to the first auditory stimulus (t = 0 s). Each 

participant underwent one night with auditory stimulation (red line) and one sham night without 

stimulation (black). Bottom panel indicates significant differences between nights as grey shading. 

Figure adapted from Ngo et al., 2013.  B: Comparison of slow-wave activity (EEG power in the slow-

wave frequency range) between averaged six-second windows with stimulation (ON) and six-second 

windows without stimulation (OFF). The black dot indicates the target electrode represented on a model 

of the head. White dots indicate a significant change in slow-wave activity. The percentage change in 

slow-wave activity across all electrodes was significantly larger for the stim night as compared to sham 

night (t13 = 5.07, p < 0.001). Grey dots indicate individuals, the black line the median. Figure adapted 

from Krugliakova et al., 2022. 
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Improving Cognitive Function 

Sleep plays a fundamental role in memory consolidation, the process by which newly acquired 

information is stabilized and transferred into long-term storage. Slow waves during non-REM 

sleep are associated with sleep-dependent memory consolidation. Another characteristic 

brain wave of non-REM sleep, sleep spindles (brief bursts of brain activity, see Fig. 1B), is 

also linked to the memory-supporting effect of sleep. Recent research suggests that the most 

crucial factor may not only be the occurrence of these oscillations individually but also their 

temporal coordination (Bergmann & Born, 2018). Interestingly, auditory stimulation has been 

shown to enhance not only slow waves but also sleep spindles and their temporal coordination 

(Krugliakova et al., 2020). It is therefore not surprising that a large body of research has 

demonstrated that using CLAS during non-REM sleep can enhance memory performance 

(Clark et al., 2024; Leminen et al., 2017; Ngo et al., 2013; Ong et al., 2016, 2018; Papalambros 

et al., 2017; Prehn-Kristensen et al., 2020). For instance, a recent study using our Tosoo CLAS 

headband found improved performance in a verbal memory task in participants subjected to 

a night of CLAS-enhanced sleep (Leach et al., 2024). This memory improvement was linked 

to the synchronization of sleep spindles to the up-phase of slow waves (Fig. 3). Boosting both 

slow waves and sleep spindles during non-REM sleep using our CLAS technology may thus 

directly enhance the brain’s capacity for overnight memory consolidation. 

 

 

Figure 3. Improving memory consolidation using our CLAS technology. A. Memory improvement 

(morning–evening) in the word-pair memory task across a night with (STIM) and without (SHAM) 

auditory stimulation. Dots represent the performance of single participants. B. Correlation between the 

number of consolidated word pairs and the difference in the number of up- and down-phase coupled 

spindles relative to the total number of spindles detected during the entire night. White dots represent 

electrodes with significant correlations. The black cross indicates the target electrode. Figure adapted 

from Leach et al., 2024. 
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Strengthening Cardiovascular and Immune Health 

Parasympathetic nervous system activity during sleep can be evaluated using heart rate 

variability (HRV), a key indicator of autonomic function. As illustrated in Figure 4A, Grimaldi 

and colleagues (2019) demonstrated that CLAS technology can increase HRV during sleep, 

suggesting a beneficial impact on the autonomic nervous system. Recent research by other 

research groups has supported these findings (Diep et al., 2022; Huwiler et al., 2022, 2023, 

2024). Thus, strengthening the interaction between the brain and heart during sleep may hold 

significant potential for improving cardiovascular health. 

Furthermore, auditory stimulation timed to the up-phase of sleep slow waves has been shown 

to enhance the hormonal environment typically associated with deep sleep, such as reducing 

cortisol levels and increasing aldosterone levels (Fig. 4B). These hormonal changes are 

known to support immune functions involving T and B cells. From a clinical perspective, this 

finding suggests potential applications for individuals with hormonal imbalances or immune 

system dysfunctions (Besedovsky et al., 2017). 

 

 
 

Figure 4. Improving cardiovascular health and immune function using the CLAS technology. A: 

Heart-rate variability high-frequency relative power (HF%) before sleep (Pre-sleep) and during slow-

wave sleep in the first three sleep cycles. In the night with auditory simulation (STIM), HF% was 

significantly higher during sleep cycles 2 and 3 as compared to the night without stimulation (SHAM). 

Asterisks indicate significance (p <0.05, Wilcoxon signed-rank test with Bonferroni correction). Error 

bars represent standard error of the mean. Figure adapted from Grimaldi et al., 2019. B: Averaged 

cortisol levels, aldosterone levels, and circulating T and B cell numbers (difference from baseline) for 

the STIM (black) and SHAM (white) conditions (Wilcoxon tests, two-sided, *p < 0.05, n = 9–14). Gray 

area represents the 120-min stimulation period. Figure dapted from Besedovsky et al., 2017. 
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Clinical Applications: From Children to Elderly  

Counteracting Neurodegeneration in Parkinson’s and Alzheimer’s Disease 

Sleep disturbances are a common feature in aging and have been increasingly recognized as 

both a symptom and a contributing factor in several neurodegenerative conditions, including 

Alzheimer’s and Parkinson’s disease. Particularly impaired slow-wave sleep has been linked 

to the progression and severity of neurodegenerative symptoms. Enhancing slow-wave 

activity, therefore, represents a promising therapeutic target for mitigating neurodegeneration 

(Wafford, 2021). 

Preclinical research using animal models has provided valuable insights into the potential of 

CLAS in this context. Recent findings by Dias and colleagues (2024) demonstrated that 

applying CLAS in a mouse model of Alzheimer’s disease improved sleep quality by reducing 

brief awakenings (Fig. 5A). Their research also suggests a neuroprotective effect: CLAS 

appears to mitigate brain atrophy and reduce abnormal protein aggregation, hallmarks of 

neurodegenerative pathology. 

Encouraging results have also emerged from studies in human participants. A previous 

version of our Tosoo headband has been successfully used in multiple investigations to 

enhance slow waves in aging populations at their homes (Huwiler et al., 2024; Lustenberger 

et al., 2022; Schreiner et al., 2025). Schreiner and colleagues (2025) investigated patients 

with Parkinson’s disease. The stimulation boosted slow-wave activity by almost 30% and was 

associated with improved subjective daytime alertness after three nights of application (Fig. 

5B). Research groups working with patients diagnosed with Alzheimer’s disease have further 

reported similar slow-wave enhancement, underlining the potential of CLAS to counteract 

cognitive decline in clinical populations (Van den Bulcke et al., 2025). 

Taken together, these findings highlight the wide-reaching potential of CLAS technology to 

address sleep-related dysfunction in aging and disease, offering a safe, non-invasive method 

to support both cognitive function and neurological recovery. 

 

Figure 5. Effects of the CLAS technology in neurodegenerative disorders. A: Microarousal 

dynamics (i.e., brief awakenings) across 24 h in mice with a model of Alzheimer’s disease. Microarousal 

dynamics were significantly reduced in the stimulation condition (Stim) in comparison with baseline 

dynamics (Baseline). Figure adapted from Dias et al., 2024. B: Subjective daytime sleepiness in patients 

with Parkinson’s disease. Changes relative to baseline across the three intervention nights. Daytime 

sleepiness was significantly reduced after night 3 (p <0.05 resulting from RLMM analyses performed 

for each night separately). Figure adapted from Schreiner et al., 2025.  
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Supporting Recovery after Traumatic Brain Injury 

Emerging research suggests that enhancing slow-wave activity shortly after a traumatic brain 

injury (TBI) may support recovery. In animal models, CLAS targeted to the up-phase of slow 

waves has been shown to boost slow waves and to reduce markers of brain damage, such as 

diffuse axonal injury (Fig. 6) and demyelination, while preserving cognitive function. These 

protective effects appear to be mediated by an enhanced microglia (the brain’s immune cells) 

response during the acute phase of injury (Moreira et al., 2025). Importantly, the feasibility of 

applying CLAS has also been demonstrated in a highly sensitive clinical setting: a previous 

version of our headband was successfully used in children with severe TBI during their stay 

in a pediatric intensive care unit. This highlights the safety and adaptability of our technology, 

even under critical care conditions (Albrecht et al., 2022). 

 

Figure 6. Reduction in axonal injury in 

traumatic brain injury (TBI) rats subjected to 

the CLAS technology. Histogram of the posterior 

density distributions for rats without TBI (non-TBI), 

TBI rats without stimulation (TBI mockCLAS) and 

TBI rats with up-phase stimulation (TBI upCLAS). 

The TBI mockCLAS group shows a clear 

difference to the other two groups (outside the 

95% confidence interval) indicating that up-phase 

auditory stimulation normalized the APP+ axonal 

bulb estimate in TBI rats. Figure adapted from 

Moreira et al., 2025. 

 

Reducing Abnormal Brain Activity in Epilepsy 

Epileptic spikes during sleep (see Fig. 7), such as those seen in benign epilepsy with 

centrotemporal spikes (BECTS), are known to interfere with normal brain development and 

cognitive function in children. Recent studies suggest that CLAS is both feasible and well 

tolerated in pediatric patients with spike-wave activity during sleep (Fattinger et al., 2019). 

Early evidence indicates that CLAS may help reduce spike rates in BECTS (Klinzing et al., 

2021), potentially by inducing a temporary refractory state in thalamocortical networks through 

precisely timed tones. These findings highlight the potential of our CLAS technology as a non-

invasive approach to modulate pathological brain activity. 

 

 

 

Figure 7. Example spike waves. 

Adapted from Wang et al., 2017.  
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Targeting Brain Oscillations during Wake and REM Sleep 

While most research on CLAS has focused on deep non-REM sleep, recent investigations 

have begun to explore its application during other brain states such as relaxed wakefulness 

and rapid-eye movement (REM) sleep. These states are characterized by faster brain 

oscillations compared to non-REM sleep, predominantly in the alpha (around 10 Hz) and theta 

(around 7 Hz) frequency ranges. Figure 8 summarizes findings from Jaramillo and colleagues 

(2024), who were the first to investigate CLAS effects on alpha and theta activity during REM 

sleep. Their study showed that both alpha and theta rhythms during REM sleep can be 

enhanced. Furthermore, depending on the phase at which tones were played, these 

oscillations could either be slowed down or sped up. These findings are in line with a similar 

study by Hebron and colleagues (2024) illustrating that alpha rhythms during wakefulness can 

also be slowed down and sped up using the CLAS technology (Hebron et al., 2024).  

 

Figure 8. Modulation of alpha and theta oscillation during REM sleep using the CLAS 

technology. Auditory tones were locked to four different target phases of the ongoing oscillations. 

Power changes in alpha (10 – 11 Hz) and theta (7 – 8 Hz) activity are shown on a model of the head 

with significant electrodes shown as red dots. Plotting the normalized power change for each target 

phase separately shows the slowing-down and speeding-up of the ongoing oscillations. Figure adapted 

from Jaramillo et al., 2024. 

Counteracting Age-Related Changes in Brain Activity 

Aging is commonly associated with a slowing of alpha and theta oscillations, a change that 

has been linked to cognitive decline and dementia (Garcés et al., 2013; Jafari et al., 2020). 

The ability to modulate these rhythms, as demonstrated in recent CLAS studies targeting 

wakefulness and REM sleep, presents a promising avenue for counteracting age-related 

changes in brain activity. As described above, recent research has shown that alpha 

oscillations during wakefulness as well as both alpha and theta oscillations during REM sleep 

can be sped up using the CLAS technology (Hebron et al., 2024; Jaramillo et al., 2024), 

highlighting the potential of CLAS as a non-invasive tool to preserve cognitive health in aging 

populations. 
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Enhancing Emotional Well-Being 

Beyond cognitive functions, REM sleep also plays a vital role in emotional processing. Theta 

activity during REM sleep has been associated with mood regulation and emotional memory 

consolidation (Hutchison & Rathore, 2015). This suggests that modulating REM oscillations 

via CLAS could support emotional well-being. By influencing brain rhythms linked to both 

cognition and mood, CLAS opens up new therapeutic possibilities across a broad spectrum of 

mental health and neurodegenerative conditions. 

Facilitating Sleep Onset 

When trying to fall asleep, the brain typically exhibits alpha oscillations, which are associated 

with a calm and restful mental state. Recent studies have demonstrated that slowing down 

these alpha rhythms through CLAS brings the brain's activity closer to early sleep patterns, 

thereby promoting sleep onset. Early evidence from studies using CLAS during wakefulness 

indeed show that alpha rhythms can be slowed down in real time and that sleep onset 

dynamics can be modulated (Bressler et al., 2024; Hebron et al., 2024). This positions our 

CLAS technology as a promising non-pharmaceutical approach to supporting the transition 

into sleep. 

 

Conclusion 

In conclusion, CLAS represents a groundbreaking, non-invasive technology that holds 

significant promise for enhancing sleep quality, cognitive functions, and overall well-being. 

Through its precise modulation of brain activity during sleep, CLAS has demonstrated potential 

benefits ranging from improved memory consolidation to enhanced cardiovascular health and 

even neuroprotection in clinical populations. As research continues to evolve, our CLAS 

technology offers an exciting avenue for both therapeutic applications and personalized sleep 

enhancement. At Tosoo, we are committed to making this scientific tool accessible to 

everyone, thereby providing sound sleep. 
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