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Abstract: Lucid dreaming, the experience of being aware of dreaming in the dream, offers a
unique window for neuroscientific research. In the last 50 years, the study of lucid dreaming
has developed rapidly due to the advances in neuroscience, especially polysomnography and
fMRI. This review highlights the neuroscientific basis of lucid dreaming about distinct neural
features, varying from brain electrical activities to activated cortical regions and related
substantial neural basis of lucid dreaming. Such results give us a whole picture of lucid
dreaming from a neuroscientific perspective. Furthermore, lucid dreaming is related to high-
level cognitive functions, such as metacognition, partly suggesting the neural mechanism of
consciousness, as well as giving us a platform to delve further into it. Apart from basic studies,
lucid dreaming has applications ranging from clinical therapy to motor skill training and
human-computer interaction. These findings suggest the great potential of lucid dreaming in
both neuroscientific research and everyday scenarios.
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1. Introduction

When we dream of flying across the sky and suddenly realize that we are dreaming, we are
experiencing lucid dreaming. Lucid dreaming is a phenomenon in which one becomes aware of
dreaming during the dream, and the dreamer can partly control the dream's content. A Dutch
psychiatrist first proposed the concept of lucid dreaming when he kept records of his dreams [1]. This
phenomenon was not scientifically verified until 1975 when electrooculography (EOG) was applied
to record the prearranged special eye movement patterns of subjects during dreaming [2]. After that,
a series of techniques to induce lucid dreaming were developed [3][4]. At the same time, scientists
also studied the activity, connectivity, and composition of several cortical areas related to lucid
dreaming [5][6][7]. Recently, some interesting applications of lucid dreaming, such as the control of
virtual avatars from dreams [8], have been explored.

Lucid dreaming is prevalent among humans, as a meta-analysis from the period 1966-2016 shows
that about 55% of people have experienced one or more lucid dreams in their whole life, and about
23% of people experience lucid dreaming at least once a month [9]. Such prevalence of lucid
dreaming forms a solid foundation to carry out studies about lucid dreaming, especially large sample
studies. Lucid dreaming is a research domain full of potential for cognitive neuroscience and dream
research as it is an accessible case that allows us to carry out experimental manipulations to study the
neural mechanisms of cognition, dream experience, and, most importantly, consciousness. What’s
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more, lucid dreaming also has many potential applications in both clinical and daily scenarios [10],
which may provide new approaches to psychotherapy, creativity enhancement, motor skill
improvement, human-computer interaction, education, and even entertainment. Thus, lucid dreaming
is a topic with great potential in both basic research and daily scenarios, calling for more and deeper
explorations.

This article reviews the studies about lucid dreaming from the perspective of neuroscience, aiming
at summarizing the neurophysiological findings of lucid dreaming, discussing the relation between
lucid dreaming and consciousness, and exploring the known and potential application of lucid
dreaming.

2.  Neurophysiological Features of Lucid Dreaming

Lucid dreaming was first thought to be a special mixed mental state. Scientists carried out an
electrophysiological experiment, during which electroencephalogram (EEG), Electromyography
(EMG), and EOG were applied to record the activities of the brain, eyes, and muscles [11]. The
subjects were asked to signal lucid dreaming using predetermined patterns of horizontal eye
movement, such as L-R-L.

They found that the power of lucid dreaming and non-lucid REM sleep is similar in low low-
frequency bands, whereas the power of lucid dreaming in high high-frequency bands, especially
around 40 Hz, is significantly higher than non-lucid REM sleep (see Figure 1). Such results indicate
that lucid dreaming seems to be a mixed state of consciousness, with features of both waking and
non-lucid REM sleep. Note that further research has verified that lucid dreaming is actually an
activated REM sleep rather than a mixed state between waking and REM [12], which complements
this pioneering study. It was also found that the CSD (current source densities) coherence of lucid
dreaming is significantly higher than non-lucid REM sleep and waking at the frontal region and
frontolateral front lateral region (see Figure 2), which may partly account for the self-awareness and
internal attention of lucid dreaming, since the neural synchronization of these regions is highly related
to such cognitive functions [4][13][14].

10

power [%)]
power [%)]

POT power CSD power

| |
0 8 16 24 32 40 48 0 8 16 24 32 40 48

frequency [Hz) frequency [Hz]

Figure 1: Power spectrum comparison of lucid dreaming, non-lucid REM sleep, and waking with
eyes closed (WEC). The graph illustrates the relative power distribution across different frequency
bands, highlighting the distinct increase in low y band activity (around 40 Hz) during lucid dreaming
compared to non-lucid REM sleep. POT = scalp potentials, CSD = current source densities [11].
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Figure 2: The average coherence values across selected regions of interest (ROIs) were derived from
POT (scalp potentials) and CSD (current source densities) measurements. It highlights the increased
coherence in the frontal and frontolateral regions during lucid dreaming compared to both WEC
(wake with eyes closed) and non-lucid REM sleep, suggesting enhanced neural synchronization
associated with self-awareness and internal attention in lucid dreaming [11].

The extrapolation of lucid dreaming above was further explored in 2012 through neuroimaging
research [15]. Scientists found that several cortical regions, which are typically deactivated during
non-lucid REM sleep, are reactivated during lucid dreaming with fMRI, which can account for the
restoration of some cognitive functions, such as reflection, during lucid dreaming.

Blood Oxygen Level-Dependent (BOLD) signals during lucid dreaming showed increased
activation mainly in the right dorsolateral prefrontal cortex, bilateral frontopolar areas, precuneus,
bilateral cuneus cortices, and occipitotemporal cortices (see Figure 3). Such areas are thought to be
associated with metacognitive evaluation, especially towards self [16], processing of internally
generated information [17][18], operations of first-person perspective experience [ 19], and perceptual
awareness [20], especially visual awareness, which is highly related to the awareness of dreaming
state during lucid dreaming. Such results give us a comprehensive insight into the brain activities and
corresponding phenomenological features of lucid dreaming.
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Figure 3: Neural activations associated with lucid dreaming. Color-coded clusters represent areas of
increased activity, indicating higher neural engagement in these regions during lucid dreaming. The
panels (A) and (B) show the left and right hemispheres, and panel (C) provides a midline view. Panel
(D) illustrates the Blood Oxygen Level-Dependent (BOLD) signal change over time in the right
precuneus [15].

As a profound feature in lucid dreaming and a higher-order cognitive capability, metacognitive
function in lucid dreaming was further researched. It was revealed that the thought monitoring during
lucid dreaming may share the same neural basis with metacognitive function, especially the
frontopolar cortex [7]. During the experiment, the subjects participated in two kinds of thought-
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monitoring tasks. In the non-monitor trials, subjects need to move the red cursor so that it matches
the target circle. In the monitor trials, subjects needed to move the cursor depending on whether their
mind was more focused on internal thinking (INT) or external circumstances (EXT).

A greater volume of gray matter was found for those high-lucidity dreamers compared to the low-
lucidity dreamers using fMRI, especially in the frontopolar cortex (BA9/10). Furthermore, for both
the high-lucidity and low-lucidity groups, a significant difference in BOLD occurred between non-
monitor trials and monitor trials in BA9/10 (see Figure 4). Together, these results showed that BA9/10
directly participates in the metacognitive functions, especially thought monitoring and such functions
are highly related to lucid dreaming, which may indicate that the activation of metacognition during
sleep probably makes lucid dreaming possible.
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Figure 4: The signal changes of BOLD during the thought-monitoring task within ROIs (Regions of
Interest). The signal changes for high and low lucidity groups within the left BA 10 (MNI coordinate
[-30 51 6]), right BA 9/10 (MNI coordinate [4 57 31]), and right ACC (MNI coordinate [10 48 9])

[7].

Together, these results showed that BA9/10 directly participates in the metacognitive functions,
especially thought monitoring and such functions are highly related to lucid dreaming, which may
indicate that the activation of metacognition during sleep probably makes lucid dreaming possible.
Together, the studies above showed that lucid dreaming was thought to be a mixed state of
consciousness (but an activated REM sleep), with features of both waking and non-lucid REM sleep,
in which several brain regions related to self and consciousness were abnormally activated, and
possibly being a specific manifestation of metacognition during dreaming. With these insights from
the neuroscientific perspective, scientists began to wonder if lucid dreaming could be used to study
one of the most mysterious and difficult problems of science the consciousness.

3.  The Study of Consciousness About Lucid Dreaming

Scientists studied higher-order consciousness through lucid dreaming and claimed that higher-order
consciousness is distinctively related to the synchronous oscillations around 25-40 Hz of brain
activity [4]. During the experiment, EEG, EOG, and EMG were applied to record related activities.
Once the subject entered REM sleep, they would perform frontotemporal transcranial alternating
current stimulation (tACS) in a certain frequency band, varying from 0 to 100Hz. After that, they
woke up the subject to report the content of their dream, as well as complete the LuCid scale, a
validated scale to rate the lucidity or consciousness of the dream [21].

The ratio of the instantaneous power during stimulation versus the average power before
stimulation is used to show the result (see Figure 5). Under the tACS of 25 Hz and 40 Hz, the power
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ratio of lucid dreaming notably increased. Together with the self-reports and LuCid scales, they found
that such tACS stimulation can induce self-awareness, which results in lucid dreaming. Though the
study is doubted by later researchers [22], the result still provides causal evidence indicating that
specific oscillation frequencies of brain activity in frontal and temporal parts may be related to self-
consciousness. Besides, the study also provides a possible electrophysiological method to induce
lucid dreaming.
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Figure 5: FFT power ratios of activity during tACS stimulation versus activity before stimulation for
different stimulation conditions showed significant increases in low y band activity associated with
lucid dreaming during 25 Hz and 40 Hz tACS [4].

Except for directly exploring the consciousness in lucid dreaming, lucid dreaming also allows us
to look into perceptions in a different state of consciousness, such as visual perception. Scientists
discovered that the eye movement pattern in lucid dreaming is smooth pursuit eye movements
(SPEMs), which is highly similar to the waking state, whereas saccadic eye movements prevail during
visuomotor imagination [23]. More interestingly, it was further verified that SPEMs can occur
without retinal stimulation and can be driven by the specific voluntary change in the direction of gaze
in dreams.

During the experiment, the subjects performed eye-tracking tasks in 3 different conditions,
including lucid dreaming, waking, and imaging. A series of methods were used to make sure the
subjects entered REM and marked the beginning of lucid dreaming (see Figure 6). The EMG signals
showed muscle paralysis, specifically during REM, which is known as atonia. Skin potential response
(SPR) was used to mark the beginning of lucid dreaming. It was found that SPEMs occur most of the
time during waking perception and lucid dreaming when tracking a target, whereas significantly more
saccades were observed during visuomotor imagination (see Figure 7). This research is of particular
significance since it gives tentative answers to several tricky questions [10], one of which is “Whether
dreams are generated in a ‘bottom-up’ or a ‘top-down’ manner?” [24]. The study answers the question
by revealing that dream is more like perception (‘bottom-up’) than imagination (‘top-down’), at least
in the context of visual perception, which opens up a new possibility to explore a “simplified version”
of perceptual consciousness and its integration in dreams, since a lot of activities are deactivated
during dreaming, which remains a popular and crucial question in the study of consciousness.
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Figure 6: Data was tracked during a lucid REM sleep dream in a participant. 1 and 3 are L-R-L-R eye
movements, and 2 is the actual eye tracking task, in which the EOG pattern is similar to the trajectory
during waking. Asterisk depicts the beginning of lucid dreaming [23].
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Figure 7: Eye tracking during 1D horizontal meridian line tracking tasks in waking perception, lucid
dreaming, and visuomotor imagination illustrate the contrast between smooth pursuit eye movements
and saccadic intrusions [23].

Based on empirical findings of lucid dreaming, a theoretical framework was proposed to integrate
the phenomenological features and neural mechanisms of lucid dreaming, in which many aspects of
consciousness are involved [25]. The most fundamental component of the framework is predictive
coding (PC). PC regards our brain as a hierarchical system. Different levels of the brain would predict
the external environment and internal state based on former experience and sensory stimulation
(prior). Such predictions would be evaluated by the following actual input (posterior), and the
difference between prior and posterior is prediction error. A key claim of the framework is that our
brains tend to minimize prediction error, which is quite reasonable since such a tendency helps us
adapt to the environment.

Prediction error minimization is mainly done by higher-order consciousness, especially during
dreaming, which can partly explain the disorganized dream since the higher hierarchy can change
prediction coding freely without too many external constraints. Furthermore, higher consciousness
attenuates prediction error by producing a more comprehensive internal model, which requires
multisensory integration. Multisensory integration is thought to play a vital role in the maintenance
of'lucid dreaming since it enhances the consistency of dream content and sensory input. For example,
when we dream of diving under the water in lucid dreaming, corresponding respiratory behavior like
central apnoea may occur [26]. Such a phenomenon reminds us that the consistency of experience is
crucial for consciousness, which may partly explain the role of multisensory integration in
consciousness.
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Apart from multisensory integration, dynamic attention also attenuates prediction error by giving
different precision weights to different priors. When we pay attention to certain sensory stimulation,
the precision weight of the stimulation increases during the PC. Such a mechanism allows a flexible
shift of PC and promotes the balance of information processing between various hierarchies.
According to the theory, we identify the dream state during lucid dreaming when we pay attention to
certain abnormal aspects in dreams compared to reality, which is the precondition of controlling the
dream. We control the dream content during lucid dreaming by flexibly shifting our dynamic attention.
For example, when we intend to fly in a dream, we can pay less attention to vestibular sensation and
more attention to our flying movement.

In this section, two experiments exploring consciousness during lucid dreaming are reviewed,
which show that self-consciousness may be related to certain synchronous oscillations of the brain
activity, and perceptions in lucid dreaming are more similar to waking compared to imagination, at
least for visual perception. In the future, we can delve deeper into the synchronization of biological
neural networks through lucid dreaming [27], as well as explore a wide range of perceptions in lucid
dreaming to enrich our knowledge of perceptual consciousness. Apart from experimental research, a
theoretical framework of lucid dreaming is also reviewed, which mainly organizes multisensory
integration and dynamic attention based on predictive coding. Such a theoretical framework is also
indispensable to understanding such a complex phenomenon as consciousness. In addition to all these
basic neuroscientific studies, the potential application of lucid dreaming has also aroused the interest
of scientists.

4.  Applications of Lucid Dreaming

Since we can control our dream content in lucid dreaming, scientists were thinking about using lucid
dreaming as a therapy for nightmares, especially for patients with post-traumatic stress disorder
(PTSD), as 80% of them suffer from nightmares [28]. The American Academy of Sleep Medicine
regards lucid dreaming therapy (LDT) as one of the cognitive behavioral therapy (CBT) approaches
to deal with nightmares [29], and LDT is the only CBT to deal with nightmares during dreaming
rather than waking so far. One of the reasons for LDT to be effective might be that the induction
exercises help patients to perceive their dreams more critically [30]. To further explore its
effectiveness, Scientists carried out research and found that LDT can significantly lower the anxiety
and depression levels of PTSD patients, even though it was not observed to directly lower the severity
or frequency of nightmares [31]. Such result shows that LDT can be seen as a complementary
treatment for other pharmacological treatments and CBT methods in the process of treating
nightmares. However, more convincing evidence and consistent results of LDT are needed in the
future.

Apart from clinical applications, lucid dreaming may also encourage us to outperform some motor
skills in our daily lives. It was discovered that lucid dream practice (LDP) could improve our
performance during waking with an effect close to mental practice and a bit smaller than physical
practice [32]. The study result showed that LDP, Mental Practice (MP), and Physical Practice (PP)
all improved their performance significantly compared with the control group. And the effect size of
LDP is similar to MP, a widely used training method in sports [33]. This study provides a possibility
to effectively train our motor skills in lucid dreaming, which can be quite helpful for athletes.
Furthermore, this study also partly expands the simulation theory, which states that the same neural
basis is shared between motor performance and motor simulation since similar regions of our brain
are activated during observation, imagination, and execution of certain movements [34]. Future
studies could focus on the neural mechanism of motor performance improvement during lucid
dreaming, which is likely to provide new insights into bridging the gap between cognitive science
and neuroscience.
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In addition to applying lucid dreaming to individuals as either therapy or training, a more
imaginative application is gradually becoming a reality: human-computer interaction in lucid
dreaming. It was tentatively found that a two-way control of the avatar can be accomplished during
lucid dreaming, indicating dreamers in lucid dreaming can control virtual objects through muscle
contractions, as well as receive feedback to adjust the control [8]. During the experiment, the subjects
were first trained to control a virtual automobile (avatar) with muscle contractions of legs and arms
through EMG signals. Then, subjects spent 1-4 nights in the laboratory and controlled the avatar
during lucid dreaming, in which EEG, EOG, and EMG were applied to record the data. When the
subjects woke up the next morning, they were asked to report their dream experiences.

The most prominent result came from the fourth attempt of the first subject (see Figure 8). Such a
result shows that signals were consciously sent by the subject to control the avatar, and the feedback
information can also reach the subject, allowing him to adjust his control. This study provides a
possibility to develop a new human-computer interaction interface based on lucid dreaming. For
example, we may be able to control our smart home devices during lucid dreaming. What’s more,
this study also expands our understanding of the potential high-level functions of our brain during
lucid dreaming, as well as provides a new approach to exploring our brain activities during lucid
dreaming, especially in terms of cognitive control and consciousness.

Figure 8: Real-time monitoring screenshots depicting the first subject successfully controlling the
avatar during the fourth attempt. The PSG observation with predetermined eye signals on EOG
channels (encircled), the corresponding EMG impulses, and their decoded outcomes are shown,
interpreting the two-way control during a lucid dream. The arrows show the moving direction of the
avatar [8].

In this section, applications of lucid dreaming, including clinical application as a therapy for
nightmares, individual application as a training for motor skills, and daily application as an approach
to human-computer interaction, are reviewed and discussed. Furthermore, these applications go
beyond pure applications to provide new ideas and new methods for future neuroscience research, as
well as give us a deeper understanding of the complicated emotional, cognitive, and behavioral
functions of our brain in the context of lucid dreaming.

5. Conclusion

To sum up, this article gives a brief review of lucid dreaming, mainly from the perspective of
neuroscience. First, several general neurobiological features detected by bioelectric signal
measurements and neuroimaging technologies are discussed, which lay the foundation for us to delve
into consciousness through lucid dreaming. Then, both experimental studies and the theoretical
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framework of lucid dreaming concentrating on various aspects of consciousness are reviewed. These
researches not only give answers to some tricky and basic questions about consciousness but also
open up more possibilities to explore consciousness further through lucid dreaming. Such
opportunities are researching the synchronization of our neural network, investigating various
perceptual consciousnesses during lucid dreaming, finding the neural mechanism of predictive coding,
and so on. Finally, a few applications of lucid dreaming are shown, such as nightmare treatment,
motor skill training, and human-computer interaction, illustrating the great application potential of
lucid dreaming. Besides, these applications are also helpful for future basic research since they
provide new approaches and even guide new directions, which is mainly due to their focus on
practical problems in reality, the source of almost all scientific questions.

Lucid dreaming remains a mysterious phenomenon with great potential to be further researched,
especially when it comes to all the aspects of consciousness in lucid dreaming. Fortunately, some
inherent characteristics of lucid dreaming, especially the awareness and control of the dreamers, make
the study of lucid dreaming accessible as long as we can find more reliable and effective methods to
induce stable lucid dreaming. Apart from the accessibility, lucid dreaming, as a form of dreaming,
naturally simplifies our brain activities a lot by deactivating a bunch of brain regions compared to
waking, making it easier for us to study our extremely complex and exquisite brain. Above all, it is
the captivating nature of lucid dreaming, together with our insatiable curiosity, that drives us to
explore this phenomenon consistently and passionately.
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