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Enhancement of slow oscillations with closed-loop auditory stimulations: 
Improvement, mechanisms and physiological consequences
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INTRODUCTION

Figure 1. Mean EEG signal triggered on slow wave detection (Left: sham, Right:
Stim) Adapted from blogs.rythm.co

Ø Mouse is a relevant model to understand human sleep
ØWe use a human-like sleep stage classification

Ø Slow-wave sleep (SWS) is a critical phase for recovery and memory consolidation
Ø Slow waves are the EEG occurrence of down states of a cortical population, and delta waves
is what we observe in the Local Field Potential (LFP).
Ø Inducing slow waves is possible through sensory stimulations like sounds
Ø Boosting slow waves during human sleep has an improving effect on declarative memory

Ø Rythm is a company developing a sleep headband that aims
at improving SWS with sounds. The stimulation process of the
headband consists on a short sound emitted to enhance a train
of slow oscillations.

INCREASE THE SLOW-WAVE ACTIVTY:
- By increasing the local density of slow waves
- Creating Bursts of slow waves
- Induce a slow wave just after an endogenous slow one

DELTA-TRIGGERED TONES CONDITION

INCREASE THE NUMBER OF
SLOW WAVES:
- By inducing slow waves with tones
- Tones are sent randomly during the sleep period

RANDOM TONES CONDITION
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Figure 3. Recording sites.
Olfactory bulb (OB),
Prefrontal cortex (PFCx),
Hippocampus (HPC).
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Ø No sounds
Ø Sham condition
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Ø Sounds after delta
Ø Induce bursts

Random Conditions
Ø Random sounds
Ø Isolated delta wave

Figure 4. Example of signals recorded during NREM sleep

RESULTS - Tones can induce down states and delta waves
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Figure 6. Two types of tones are identified: tones inducing a down state/delta wave
(SUCCESS TONES) and tones not inducing a delta wave (FAILED TONES).
a) Multi-unit activity for one night with auditory close-loop stimulations.
b) Mean LFP curves synchronized on tones, different depths of PFCx. Up: Not Evoking
down states Tones. Down: Evoking down states Tones. Middle: difference between the
up and down curves. The subtraction signals, in the middle, shows a delta waves, with
higher positive deflection for deeper signals.
c) Distribution of the delay between tones and the following delta waves. A threshold is
put at 300ms to distinguish SUCCESS TONES, evoking delta waves, and FAILED
TONES.

Detection of delta waves and down states
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Features will be 
sought on 
superficial LFP to 
detect down states. 
This aims at finding 
relevant parameters 
for the detection of 
delta waves from 
human EEG.

Figure 5. Detection
of delta waves from
the difference
between deep and
superficial layers
(preliminary
results).
Using the difference
between layers is
more specific to
detect down states.

Ø Need a population firing rate of at least 100Hz to detect down states
Ø Delta waves are detected with the LFP from two layers of different depths

RESULTS – Delta-triggered tones increase delta waves densityRESULTS – Induction of delta waves is brain state dependent

Ø The close-loop stimulation process can be optimized by sending tones at 
the best delay (~500ms) and in the best sleep stages (N3 and N2).

Ø The Delta-Triggered stimulation protocol increases the percentage of N3
(periods of high density of delta waves) and the density of delta waves.

CONCLUSIONS

Ø Auditory stimulations create delta waves during NREM sleep. The probability of inducing a delta wave depends on the cortical activity just 
before the sound and the sleep stage.

Ø At the scale of the night, the stimulation protocol increase the ratio of N3 and delta waves density.
Ø Need to optimise the stimulation protocol by maximising the probability for tones of inducing delta waves 
Ø Need to assess the effects of the protocol on Attention and Memory performance.
Ø We plan to record simultaneously in the Prefrontal Cortex, Auditory Cortex and the Thalamus.
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