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Introduction 
The potential of learning during sleep has long intrigued researchers, particularly as a window into 
the mechanisms underlying implicit acquisition of information. Biofeedback offers a promising 
approach for investigating these processes by transforming physiological activity into a real-time 
training signal that can promote behavioral change without requiring conscious awareness (Ramot 
et al., 2016). Sleep provides a unique framework for studying these mechanisms because learning 
can occur in the absence of attention, intention, and explicit awareness (Ruch & Henke, 2020). 
Among the available sensory modalities, olfaction is particularly well-suited for sleep-based learning 
due to its unique neural pathway and its ability to influence behavior while producing minimal sleep 
disturbance (Arzi et al., 2014). Sleep bruxism (SB), a repetitive jaw-muscle activity (Lobbezoo et al., 
2013) expressed exclusively during sleep, offers a rare opportunity to examine these questions 
because both the behavior itself and any associated learning process occur entirely outside 
conscious awareness. Here, we tested whether aversive olfactory biofeedback delivered 
immediately following detected sleep bruxism events can induce lasting behavioral change, 
providing a model to investigate whether an unconscious behavior can be modified through learning 
driven by feedback that is itself processed outside conscious awareness. 

Methods 
Adults aged 18–60 years diagnosed with sleep bruxism (Bruxism Index, BI > 4 events/hour, (Lavigne 
et al., 1996)) and without known sleep or neurological disorders completed a nine-night home-based 
protocol consisting of one adaptation night, three baseline nights, two feedback nights, and three 
post-feedback nights across two consecutive weeks. Physiological signals (EMG, ECG, EEG, and 
EOG) were recorded using a wearable acquisition system (8-Channel biosignalsplux Kit). SB events 
were detected automatically in real time using a convolutional neural network trained on 
physiological signals. Following detection, participants in the experimental group received an 8-
second pulse of aversive olfactory feedback (rotten-fish odor) delivered approximately 1 s after event 
onset through a portable olfactometer positioned above the bed, whereas control participants 
received clean air. Bruxism severity was quantified using the Bruxism Index (BI; events/hour). 
Bruxism change was quantified by subtracting each participant's average baseline BI (BL2–BL4) 
from the BI measured on each post-feedback night (POST1–POST3), thereby capturing increases 
or decreases in bruxism frequency relative to baseline. The final analysis included 50 participants 
(RF: n = 31; Control: n = 19). 

Results 
Participants receiving aversive olfactory feedback exhibited a progressive reduction in bruxism 
frequency across the three post-feedback nights, with the magnitude of the reduction increasing with 
temporal distance from the feedback sessions (Figure 1). In contrast, control participants showed 
stable or increasing bruxism levels across the same period. Consistent with this trend, the largest 
between-group difference was observed on the third post-feedback night (POST3), where BI change 
differed significantly between groups (permutation test, p = 0.0349; Figure 2). Interestingly, 
participants in the feedback group who reported consciously perceiving the odor during the night 
showed an increase rather than a decrease in bruxism frequency, suggesting that the observed 
behavioral effect may depend on feedback processing occurring outside conscious awareness. 
Together, these findings support the possibility that sleep bruxism can be modified through implicit 
learning driven by unconsciously perceived olfactory feedback. 

Conclusions 
Our findings demonstrate that closed-loop olfactory biofeedback delivered during sleep can induce 
lasting changes in sleep bruxism beyond the period of active stimulation. The progressive reduction 
observed across post-feedback nights, together with the absence of improvement among 
participants who consciously perceived the feedback, suggests that the effect may be mediated by 
implicit learning mechanisms operating outside conscious awareness. Nevertheless, substantial 



intersubject variability remains, suggesting that factors influencing odor delivery, such as room 
airflow and environmental conditions, may modulate the intervention's effectiveness. Future work 
will focus on better controlling and quantifying these factors to improve intervention reliability and to 
further elucidate the mechanisms underlying sleep-based olfactory learning. These results support 
the notion that unconscious behavior can be modified through feedback processed during sleep and 
establish home-based olfactory biofeedback as a promising framework for investigating learning 
mechanisms in naturalistic environments. 
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Figure 1. Average BI Change in 

percentage from the baseline per night 

type across two groups 

 

 

 

Figure 2. Average BI change per group, 

calculated by comparing each follow-up 

night to the averaged baseline. 

All_Nights is the average of all follow-

up nights (POST1, POST2, and POST3). 
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