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Recent research has investigated the potential of psychedelic substances in treating various neurological and psychiatric disorders. In particular, there has been a growth in studies concerning the intersection of psychedelics, Virtual Reality (VR), and Cognitive Flexibility (CF). Indeed, the use of immersive technology allows the simulation of the perceptual and cognitive effects of psychedelic substances without the potential risks associated with them. CF is strongly associated with creative cognition, a complex cognitive mechanism involved in creative thinking and associated with the prefrontal cortex and the neural networks supporting executive functions, memory, attention, and spontaneous modes of thought. The Bayesian brain approach, which is rooted in predictive coding, has emerged as a promising framework for understanding the effects of psychedelic hallucinations on cognitive functioning. Psychedelic substances may enhance creativity by inducing a state of CF, allowing for a wider range of associations and possibilities to be explored and increasing openness to experience. A decline in cognitive abilities, including creative processing and divergent thinking, is observed during the aging process. In particular, studies on Mild Cognitive Impairment (MCI) show poorer performance in executive functions, including CF. The present paper suggests that psychedelic hallucinations induced by VR may help optimize the balance between top-down expectations and bottom-up sensory information. Therefore, enhanced CF and creativity may be crucial during the aging process for maintaining cognitive functions and preventing pathological conditions.

KEYWORDS
psychedelics, hallucinations, virtual reality, cognitive flexibility, predictive coding, Bayesian brain approach, aging, mild cognitive impairment


Introduction

In recent years, there has been an upsurge in research related to psychedelics. Clinical studies have investigated the therapeutic potential of substances such as psilocybin or Lysergic Acid Diethylamide (LSD), and their role in psychiatric, neurological, and psychological disorders (Vann Jones and O’Kelly, 2020; Doss et al., 2021). Moreover, their potential for cognitive enhancement and their ability to foster neuroplasticity and reduce neuroinflammation has aroused interest (de Vos et al., 2021). Psychedelic substances lead the user to experience altered states of consciousness, which are qualitative alterations in the mental functioning pattern, similar to those experienced when dreaming or engaging in meditative activities (Suzuki et al., 2017). The drug-induced state reminds of Maslow’s (1964) definition of peak experiences, which are characterized by spatial and temporal disorientation, ego transcendence, and the emphasis on the goodness in the world. Therefore, psychedelic experiences may be referred to as transformative experiences and may correlate to enhanced creativity and profound change in the individual (Gaggioli, 2016; Brivio et al., 2020).

However, the use of psychedelic substances in scientific research is hampered by ethical and legal concerns. These drugs are illegal in most countries and obtaining ethical approval for scientific research involving their usage poses difficulties. Moreover, it is easy to confuse the systemic physiological effects of psychedelic drugs with their cognitive effects (Greco et al., 2021). Therefore, technologies – first and foremost Virtual Reality (VR)–have been investigated for the simulation of altered perceptive and affective states (Aday et al., 2020a). This work will outline the potential link between predictive coding mechanisms, virtual-induced hallucinations, and aging.



Creativity and cognitive flexibility

Most definitions of creativity focus on the novelty, originality, value, and appropriateness of the creative output (Glăveanu, 2021). Creative cognition refers to the cognitive processes involved in creative thinking, encompassing divergent and convergent thinking (Ward, 2007). A key characteristic of creative thinking is cognitive flexibility (CF), which is characterized by a low level of perseveration (i.e., the inability to switch between thinking modes; Dietrich, 2004). CF increases following diversifying and awe-inducing experiences, participating in courses, and taking psychedelic substances (Ritter et al., 2012; Baggott, 2015; Ritter and Mostert, 2017; Chirico et al., 2018). Indeed, CF is the ability to adapt to various cognitive functions and respond to changing environmental demands, and its measurement often consists of evaluating the perseveration of previous rules in different tasks (Uddin, 2021).

Neuroscientific research suggests a multifaced nature of the creative process, which relies on high-level cognitive operations rather than specific brain regions or hemispheres (Dietrich and Kanso, 2010). The neural system supporting creativity involves a diverse network of brain regions across both hemispheres and is facilitated by open-ended challenges in various domains (Boccia et al., 2015). Indeed, interhemispheric interaction is essential for creative processes, which engage functionally specialized brain areas rather than specific regions (Dietrich and Kanso, 2010). The Geneplore model provides a framework for creative cognition, emphasizing generative processes in constructing visual ideas and exploratory processes in examining and interpreting those ideas (Finke et al., 1992; Smith et al., 1995). Therefore, different domains of creativity require functional specialization, such as verbal creativity being predominantly domain-specific but also influenced by the visual domain (Boccia et al., 2015), visual creativity being contingent on the specific domain and task (Palmiero et al., 2010), and mental imagery relying on perceptual information accessed from memory (Palmiero et al., 2011). Musical and artistic creativity are associated with altered states of mind linked to executive functions (EFs, i.e., fluency and flexibility; Dietrich, 2004).

The prefrontal cortex (PFC), responsible for voluntary, goal-directed behavior and adaptive responses to context, plays a fundamental role in creative thinking (Miller and Cohen, 2001; Levy and Volle, 2009). Impairments in the PFC are generally associated with reduced creative abilities, although some cases with brain damage in this region experience enhanced aspects of creativity (Fink and Benedek, 2019). The dorsolateral PFC (DLPFC) is consistently involved in problem-solving, monitoring, and focused attention across creative domains (Dietrich, 2004). Specifically, verbal creativity activates the inferior frontal gyrus, and both musical and verbal processes engage the right posterior cerebellum, default network, temporal, parietal, and occipital areas (Ellamil et al., 2012; Boccia et al., 2015). Memory processes also contribute to creativity, involving the medial temporal lobe (Boccia et al., 2015). Visuospatial creativity primarily relies on the bilateral thalamus and premotor cortices, without engaging temporal, parietal, and occipital regions (Boccia et al., 2015).

Thus, brain areas activated during the creative process are the same as those involved in normal cognitive processes, suggesting integration into normal cognition, and a stronger functional brain connectivity between neural circuits related to creativity has been observed in creative individuals (Beaty et al., 2018; Benedek and Fink, 2019). Creative cognition is therefore associated with secondary aspects such as EFs, memory, and focused attention (Beaty et al., 2019). Focused attention enhances awareness of the environment and internal physiological state, with implications for memory, attention, and executive control (Campbell, 1960; Mednick, 1962; Benedek and Fink, 2019; Kitson et al., 2019, 2022). Controlled and spontaneous cognitive processes interact in creative cognition, as evidenced by the connectivity between default brain networks and executive control networks (Beaty et al., 2016). However, the presence of active but less-focused attention, as opposed to tightly focused attention, has also been observed as beneficial for the heightened state of creative awareness. For instance, research has shown that an active attentional state coupled with loose probabilistic and temporal expectancies on forthcoming conscious events can facilitate the awareness of visual events that would otherwise go unnoticed (Lasaponara et al., 2015). Similar outcomes have been successfully observed in the spatial domain (Lasaponara et al., 2020). The interplay between conscious and unconscious processing adapts dynamically based on the probabilistic properties of the sensory environment, and attentional conditions that facilitate unexpected discoveries align with the effects of psychedelic substances.



Bayesian interpretation of psychedelic hallucinations, creativity, and virtual reality

Virtual Reality-simulated hallucinations have been explained through different theoretical approaches. According to some authors (Brivio et al., 2020; Greco et al., 2021; Rastelli et al., 2022), hallucinations are effective not only because they alter the external world’s perception, but also because they lead to enhanced brain entropy. Indeed, the Entropic Brain Hypothesis states that psychedelic experiences increase entropy and functional connectivity pattern. Aday et al. (2020b) traces a parallel between psychedelics and VR, stating that they both work by enhancing flexible sensory perception and altering visual processing.

An additional theoretical approach is the Bayesian Brain Approach, which is a framework rooted in predictive coding that aims at predicting and understanding human perception and cognition (Clark, 2013; Suzuki et al., 2017; Leach, 2022). Hutchinson and Barrett (2019) argue that sensory information is combined with prior beliefs and expectations to generate probabilistic predictions, according to a top-down process that starts in the brain. Specifically, perception and inference are based on the representation of both the likelihood and prior probability of different hypotheses (Friston et al., 2006).

Hence, the Bayesian model has emerged as a promising approach to understanding the effects of psychedelic hallucinations on cognitive functioning. Corlett et al. (2009) suggest that psychedelic substances may influence the Bayesian process by reducing the reliability of incoming bottom-up signals while preserving top-down signals that can add structure to the bottom-up signal. In turn, this disruption may facilitate the generation of novel and unconventional ideas, leading to increased creativity (Harman et al., 1966; Barron and Harrington, 1981). In other words, according to the Bayesian model, creativity may arise from the ability to make predictions that are both precise and flexible, such that unexpected or novel sensory input can be integrated in a meaningful way (Hutchinson and Barrett, 2019). Psychedelics may enhance creativity by inducing a state of CF in which the usual constraints on perception and thought are loosened, allowing for a wider range of associations to be explored (Carhart-Harris and Friston, 2019). This idea is supported by studies showing that psychedelic use is associated with increased openness to experience, a trait that has been linked to creative thinking (MacLean et al., 2011; Nour et al., 2016).

A way to alter the predictive coding mechanisms of the brain is through the use of VR tasks. Indeed, VR is capable to alter top-down or bottom-up information and modify the brain’s inference processes (Riva et al., 2019).

According to neuroscience, in order to effectively regulate and control the body, the brain creates an embodied simulation of the body in the world that is used to represent and predict actions, concepts, and emotions (Riva et al., 2017, 2021). VR operates in a similar fashion: the VR experience attempts to predict the consequences of an individual’s actions, thoughts, and even emotions, providing them with the same scene they would experience in the real world. To achieve this, the VR system, like the brain, maintains a model (simulation) of the body and the space around it. Different studies show that VR and innovative technologies can alter Bayesian inference and embodied mechanisms in different populations (Riva and Dakanalis, 2018; Riva et al., 2021; Tuena et al., 2022; Di Lernia et al., 2023). Indeed, innovative technologies combined with VR can be seen as the future of the so-called regenerative virtual therapy medicine (Riva et al., 2017).



Deep Dream and simulated hallucinations

Big data are defined as information assets characterized by high volume, high velocity, and high variety. They necessitate efficient and innovative methods of information processing to improve insight, decision-making, and process automation. In itself, big data is abstract, but its various applications lead to useful and promising purposes, such as cost and time optimization (Dahlstedt, 2019).

An example of big data is Deep Dream (DD), an open-source software released by Google in 2015 consisting of a deep learning technological system that generates images. Frequently, the outcome consists of pictures that are characterized by being novel, unusual, and with hallucinatory-like qualities (Boden, 2017). Indeed, a similarity was observed between these images and psychedelic hallucinations produced by LSD or psilocybin intake, where different shapes and elements morph and blend into each other (Chatonsky, 2016). The brain actively participates in the perception of the external world by making predictions (Riva et al., 2018). Similarly, DD-generated hallucinations are the result of a process of interpretation and prediction of the external world on the basis of a specific dataset (Leach, 2022). DD is Google’s approach to the visualization of a specific Deep Neural Network architecture, called Convolutional Neural Networks (CNN). Trained DCNNs have high complexity and include various parameters and nodes, and are used as a method to increase the pattern recognition tasks’ complexity, through the combination of multiple layers containing several functional units (Suzuki et al., 2017; Weißkirchen et al., 2017). An example of the DD-hallucinated images can be observed in Figure 1, which was obtained by using the non-modified image as the input on the Deep Dream website.1 DD works through multiple iterations of a single process: an image is given to the deep learning network, in which the system discovers patterns and emphasizes said features through image modification (Boden, 2017).
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FIGURE 1
Example of visual stimuli presented in VR. Panoramic video frame (left) and its counterpart modified with Deep Dream with Inception Depth set as “deep” and Neural Network Layer as 15 (right).


Due to DD’s ability to reproduce visual hallucinations, it has been employed by different studies in order to investigate its potential for cognitive aspects such as creativity and relaxation (e.g., Kitson et al., 2019; Brivio et al., 2020; Rastelli et al., 2022).

On the one hand, the DD-modified images have been associated with hallucinations experienced by schizophrenic patients (Ando et al., 2011). Therefore, researchers have investigated its role in the destigmatization of the disease, which resulted in an enhanced understanding of and empathy toward psychotic disorders (Ando et al., 2011; Riches et al., 2018).

On the other hand, various studies have employed these hallucination-like images to investigate the role of altered states of consciousness frequently induced by psychedelic substances (Suzuki et al., 2017, 2018; Kitson et al., 2019, 2022; Brivio et al., 2020; Rastelli et al., 2022). In this regard, Suzuki et al. (2018) ideated the Hallucination Machine, aiming at achieving a better understanding of human conscious phenomenology. Through the combination of VR and machine learning, they developed a technique that differentiates the effect of visual hallucinations from the secondary systemic physiological effects of the substances. Specifically, the Hallucination Machine applies the DD algorithm to panoramic 360° videos of natural scenes, which are then presented to the user through a head-mounted display. The subjective experience was found qualitatively similar to pharmacologically-induced psychedelic states, specifically those deriving from psilocybin administration. However, temporal distortions were not noted (Suzuki et al., 2017).

The Hallucination Machine technique was employed in several studies. Rastelli et al. (2022) built on the hypothesis that psychedelic experiences play a significant role in modulating CF. The participants were administered the Alternative Uses Task (AUT) and a mouse-tracking version of the Stroop task, as well as the Altered States of Consciousness questionnaire following the experience. The results confirmed Suzuki’s hypothesis that the virtual experience was qualitatively similar to that of psilocybin. In spite of non-significant improvement in the Stroop task performance, which might be explained by the fact that DD modulated different cognitive aspects that might have interfered, AUT results confirmed increased CF.

Similarly, Brivio et al. (2020) investigated the Hallucination Machine’s use to stimulate creativity. The study demonstrated an improvement as a result of the 360° video exposition. However, no significant effects resulted from the hallucinatory distortion, possibly due to the undermining of the experience’s effectiveness in increasing brain entropy from a multisensory conflict between outside and inside inputs.

The Lucid Loop program integrated the Hallucination Machine technique with biofeedback and neurofeedback methods that include the measurements of brain waves, heart rate, and respiration, to simulate a lucid dreaming experience and enhance awareness. Indeed, biofeedback techniques are frequently used to practice awareness of physiological states and to train one’s own physiological response patterns (Kitson et al., 2019). Results showed Lucid Loop to be a significant experience to support focused attention and foster strong emotional responses (Kitson et al., 2022).



Linking aging, predictive coding, and virtual-induced hallucinations

The normal evolution of aging involves a decline in most cognitive functions, including creative processing (Price and Tinker, 2014; Buitenweg et al., 2019). The frontal lobes, which are critically involved in divergent thinking, exhibit the highest rate of atrophy in non-pathological aging. Indeed, it implies a reduction in white matter connectivity, a key aspect of normal frontal lobe functioning (Guttmann et al., 1998; Damasio and Anderson, 2003). These age-related anatomic changes are associated with a decline in frontally-mediated tasks (Leon et al., 2014). Additionally, creative cognition contributes to many activities that naturally decline with age, such as problem-solving, flexible thinking, and memory retrieval (de Souza et al., 2010; Price and Tinker, 2014), making it an essential ability for other cognitive activities and for everyday functioning (Baldassini et al., 2017; Buitenweg et al., 2019).

Mild Cognitive Impairment (MCI) is often considered a transitional stage between normal aging and dementia. With the progression of MCI, executive dysfunction becomes more prominent (Kirova et al., 2015). Studies have shown that individuals in the early stage of MCI exhibit poorer performance in EF tasks compared to healthy individuals (Seo et al., 2016). EFs encompass higher cognitive functions such as inhibitory control, CF, and working memory, which are mainly supported by the PFC and are among the first executive components affected in the prodromal stage of Alzheimer’s disease (AD) (Traykov et al., 2007). In this regard, EF impairment has been observed in MCI patients and is associated with a higher risk of conversion to dementia (Reinvang et al., 2012; Jung et al., 2020). Additionally, structural brain changes in regions involved in EFs (i.e., PFC, entorhinal cortex, hippocampus) have been observed in individuals with MCI, supporting the association between CF impairments and neuroanatomical alterations (Corbo and Casagrande, 2022). The neurophysiological changes associated with aging and MCI involve a shift toward increased reliance on internal predictions or priors, resulting in an altered balance between predictions and sensory evidence (Kocagoncu et al., 2021). These findings highlight the significance of CF and EF impairments in aging processes and MCI, indicating their potential as early markers and predictors of cognitive decline and progression to dementia (Ready et al., 2003; Rapp, 2005).

According to the predictive coding model, hallucinations may be related to a discrepancy between top-down predictions and bottom-up sensory input, leading to perceptual distortions. This process can help foster CF, which role is fundamental in the aging process since it allows the individual to update and refine prior expectations in response to changing environments (Harman et al., 1966; Barron and Harrington, 1981; Friston et al., 2006). The Bayesian model states that the aging brain selectively attenuates prediction errors in a hierarchy-selective manner, which may lead to reduced sensitivity to new or unexpected information (Gilbert and Moran, 2016; Hsu et al., 2021). Specifically, dysfunction in the predictive coding system, such as the attenuation of prediction errors in higher-order areas, has been implicated in cognitive decline and dementia. For instance, disruption of predictive coding mechanisms can be observed in dementia, which may result in aberrant sensory processing, impaired perception, and distorted beliefs (Kocagoncu et al., 2021). Frontotemporal dementia has been associated with a state of allostatic-interoceptive overload, in which the balance between prior expectations and sensory input is disturbed, leading to distorted and maladaptive predictions (Migeot et al., 2022). These findings highlight the importance of maintaining a healthy balance between prior expectations and bottom-up sensory information in healthy aging and of rehabilitating any imbalances in pathological aging.

The simulation of psychedelic hallucinations may help promote CF through the optimization of the balance between top-down expectations and bottom-up sensory information, as illustrated in Figure 2. Different studies have demonstrated the potential for hallucinations to foster creativity and CF, as well as their clinical therapeutic potential (de Vos et al., 2021). Since CF and creative thinking are both linked to the PFC, they might influence different cognitive functions, such as EFs and memory processes (Miller and Cohen, 2001; Levy and Volle, 2009). Supporting and cultivating CF and creative thinking during the aging process could therefore reveal crucial to maintain cognitive functions and preventing pathological conditions. Additionally, VR-simulated hallucinations could also be a valid and useful tool for mild dementia and in the initial stages following possible conversion from MCI to dementia.
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FIGURE 2
Relationship between VR-simulated hallucinations and aging.




Conclusion

The Bayesian brain approach to hallucinations provides a framework to understand psychedelic substances’ effects on cognition. By disrupting the usual constraints on perception and thought, hallucinatory phenomena might enhance CF and creativity. The predictive coding model suggests that psychedelic hallucinations may help contrast the decline of these abilities both in healthy and pathological aging processes, by optimizing the balance between top-down expectations and bottom-up sensory information. In particular, it could be interesting to explore their role in the transition between healthy aging and MCI and in MCI conversion to dementia.

New technologies such as VR could help overcome the ethical and legal limits posed by the use of psychedelics and further examine their effects on cognitive functions. Indeed, simulated hallucinations have shown successful results in improving CF, but the results are rarely generalizable due to small sample sizes and self-report measures of creativity. Future studies might focus on a target group of older adults, in order to explore the psychedelic potential for aging. Furthermore, the implementation of neuro- and biofeedback systems could be considered to modulate the hallucinatory phenomenon through physiological reactions and signals, as well as the personalization of the input to the machine learning framework (e.g., participants could adjust the hallucinations’ level of abstraction and category type to have a more realistic experience). Specifically, by choosing different inputs one could have better control of the type of hallucination obtained, in order to reach certain results and manage the experience.
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