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Abstract

Recent advances in computational psychiatry have provided unique insights into the neural and 

cognitive underpinnings of psychotic symptoms. In particular, a host of new data has demonstrated 

the utility of computational frameworks for understanding how hallucinations might arise from 

alterations in typical perceptual processing. Of particular promise are models based in Bayesian 
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inference that link hallucinatory perceptual experiences to latent states that may drive them. In 

this piece, we move beyond these findings to ask: how and why do these latent states arise, and 

how might we take advantage of heterogeneity in that process to develop precision approaches 

to the treatment of hallucinations? We leverage specific models of Bayesian inference to discuss 

components that might lead to the development of hallucinations. Using the unifying power of 

our model, we attempt to place disparate findings in the study of psychotic symptoms within 

a common framework. Finally, we suggest directions for future elaboration of these models in 

the service of a more refined psychiatric nosology based on predictable, testable, and ultimately 

treatable information processing derangements.

I. Introduction

Hallucinatory experiences are reported in a wide range of psychiatric (Blom, 2010) and 

other medical (Sommer et al., 2012a) disorders, contributing significantly to morbidity and 

health care system burden (Harkavy-Friedman et al., 2003; Waters and Dragovic, 2018). 

Antipsychotic medications and cognitive behavioral interventions are effective, but their 

impact is limited by adverse effects, poor adherence, and heterogeneity of response.

New knowledge of the brain circuitry involved in hallucinations has sparked hope of 

clinical advances in their treatment. Using non-invasive electroencephalography (EEG) 

and functional MRI (fMRI), researchers have successfully “captured” neural events 

accompanying the onset of auditory hallucinations (AH). These include heightened 40-

Hz gamma-band thalamocortical oscillations and increased activity across a network of 

cortical regions of the superior temporal gyrus, middle temporal gyrus, anterior insula, 

frontal operculum, inferior parietal lobule, Broca’s area, and both hippocampal and 

parahippocampal regions (Blom, 2015). Such gamma-band thalamocortical oscillations in 

networks that include auditory cortex have long been linked with bottom-up auditory 

processing and experience more broadly, and thus do not necessarily represent a specifically 

hallucinatory perceptual signature (Llinás and Ribary 1994). Attempts to link these 

observed changes in functional networks with structural changes have been less successful. 

Investigations of brain structure are similarly limited in their ability to address causality, 

designed primarily as comparisons between groups of voice-hearers and non-voice hearers 

(Allen and Modinos, 2012).

These discoveries inspired explanatory models that attempted to relate the emergence of 

AH to known normative or pathological neurobiological or neurocognitive processes. For 

example, one early model attempted to couch AH as a variant of peduncular hallucinosis, 

a rare sequela of midbrain, pontine or thalamic lesions causing vivid, colorful visual 

hallucinations of people and animals (Cascino and Adams, 1986). This model emphasized 

the role of spontaneous cortical activity with loss of input (as seen in Charles-Bonnet 

syndrome and related disorders), making the case that AH could arise from unconstrained 

activity of neural ensembles with loss of meaningful input (Cole et al., 2002). Others 

highlighted the role of memory and prior experiences in the generation of AH (Copolov et 

al., 2003), which appealed to the involvement of nodes like the hippocampal complex during 

AH. Other models propose misattributed inner speech as a causative mechanism for AH 
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(Mechelli et al., 2007), supported by growing evidence of disrupted corollary discharge in 

schizophrenia (Ford et al., 2001; Ford and Mathalon, 2005).

In recent years, computationally-oriented models have attempted to capture elements of the 

proposals above within a formalized framework for information processing in the brain 

(Adams et al., 2013; Powers et al., 2016; Sterzer et al., 2018). In one early computational 

approach, Hoffman and Dobscha demonstrated that excessive pruning of computational 

elements in a simulated speech-perception network produced hallucination-like phenomena 

in the network (Hoffman and Dobscha, 1989). Not only does this suggest a critical role for 

cortical disinhibition, but also serves to unify deafferentation-based models with histological 

evidence of excessive synaptic pruning in psychosis (Feinberg, 1982; Keshavan et al., 1994; 

Sellgren et al., 2019) under a formalized mathematical framework.

More recent efforts echo these findings using graph theory to frame auditory hallucinations 

as the product of an anomalous attractor state of the auditory processing neural network, 

able to sustain ongoing activity and network output even once all external input has been 

removed (Goekoop and Looijestijn, 2012). These anomalous self-reinforcing states are 

produced in the network models via “sensory deprivation”, instantiated as the degradation of 

model inputs. Goekoop and Looijestijn argue these degraded external inputs force the model 

into a more default resting state, wherein internal “noise” derived from the brain itself is now 

uninhibited and used as new input to sustain further activity and noise, ad infinitum.

Of late, Bayesian approaches to understanding psychotic symptoms have shown particular 

promise (Adams et al., 2013; K. Friston, 2005; Powers et al., 2016). In these formulations, 

perception is seen as the process of inferring the causes of sensory events, given both 

sensory evidence and prior beliefs about those causes, depending on the reliability of 

this information. Mathematically, this process is typically formalized as a combination of 

Gaussian probability distributions with a mean expected value and reliability coded as 

precision (or inverse variance) of the respective distributions (Friston 2005). Such Bayesian 

precision-weighted combination schemes have proven to be robust simulacra of perceptual 

processes across a range of contexts, including the ability to differentially weight visual and 

auditory information as demanded by the task (Alais and Burr, 2019, 2004). Importantly, 

in different situations and contexts, information coming from sensory evidence and prior 

beliefs may differ in their relative reliability, and therefore should be weighted accordingly 

during perception. For example, when navigating your house after a nighttime power 

outage, your prior beliefs about the relative positions of your furniture will be given more 

weight than the poor incoming sensory evidence from your eyes, helping you to avoid 

stubbing your toe on familiar furniture. In contrast, navigating a new friend’s house at a 

dinner party will require the opposite weighting, as your prior beliefs about their furniture 

arrangements will be relatively unreliable, having just encountered the novel environment 

of their dining room; thus, incoming sensory evidence should be weighted more heavily 

when inferring the environmental causes of that input. This process guides perception 

through a host of everyday tasks, from understanding speech in noisy environments (Lau 

et al., 2008; Noppeney et al., 2008) to the interpretation of shading in visual art (Lee 

and Mumford, 2003). It also occurs automatically and outside the realm of conscious 

awareness, although careful experimental manipulation has demonstrated its usefulness in 
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explaining the behavior of humans, animals, and neuronal ensembles in sensory cortices 

during perceptual tasks (Baldeweg, 2006; Dayan, 1998; Petzschner et al., 2015; Schellekens 

et al., 2014).

If perception is the process of inferring one’s surroundings given information from both 

the senses and one’s priors, hallucinations--percepts in the absence of a corresponding 

stimulus--might arise from an aberrant over-weighting of priors during this process (Adams 

et al., 2013; K. J. Friston, 2005; Powers et al., 2016; Teufel et al., 2013). A confluence of 

recent studies support this hypothesis. Powers and colleagues used Pavlovian conditioning 

to produce hallucinations of tones in white noise, demonstrating that participants who 

hear voices were more susceptible to the conditioned hallucinations elicited by the 

task (Powers et al., 2017). Additionally, the networks associated with the conditioned 

hallucinations mirrored those implicated in studies of clinical symptom capture for those 

who hallucinate in the scanner. A follow-up study (Kafadar et al., 2020) showed that 

this susceptibility emerges early, during the prodromal or high-risk phase of psychosis. 

Alderson-Day and colleagues used sine-vocoded speech to show that individuals who 

report more baseline voice-hearing experiences were also more likely to hear speech at 

higher levels of degradation, implying a greater weighting of priors in those individuals in 

favor of perceiving human speech (Alderson-Day et al., 2017). In a novel study linking 

prior weighting to striatal dopamine, (Cassidy et al., 2018) showed that amphetamine 

pharmacologically induced hallucination-like phenomena in the form of a perceptual bias 

on a task identifying the length of an auditory stimulus under differing levels of uncertainty, 

and that perceptual bias was correlated with striatal dopamine release. Schmack et al later 

refined this even further, using a combination of mouse and human performance on a 

signal detection task combined with pharmacological manipulation and invasive imaging 

techniques (in the mice) to show that prestimulus striatal dopamine release was predictive 

of high-confidence false alarms, with striatal tail release most predictive of perceptual 

bias leading to higher false alarm rate, in a manner that coincided with hallucinogenic 

experience reports in human participants(Schmack et al. 2021). This framework has been 

applied to visual hallucinations as well, and extended beyond primary psychotic disorders. 

Zarkali and colleagues used a degraded two-tone image learning paradigm to test individuals 

with and without visual hallucinations secondary to lewy-body dementia, finding that the 

hallucinators were better able to integrate prior knowledge about the images to aid in the 

image discrimination task (Zarkali et al., 2019).

Taken together, available evidence favors a role for relative prior hyper-precision in 

hallucinations (Corlett et al., 2019). Here we include the modifier relative because the 

value of the prior precision appears to matter only in its relation to the precision of 

incoming sensory evidence. This means that, even if relative prior hyper-precision represents 

a common factor in hallucinations, different groups of people with hallucinations may 

arrive at this abnormality from a number of different initial derangements (Fig. 1b). For 

example, either an absolute decrease in sensory evidence precision or an absolute increase 

in prior precision will result in a relative increase in weighting of the prior (Nu; Fig. 

2a) if the other remains constant. While there exists ample evidence to support relative 

overweighting of prior beliefs as a common pathway toward hallucinogenesis, there exists 

far less evidence regarding the hallucinogenic potential of aberrations in other parameters 
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in the Hierarchical Gaussian Filter (HGF), a Bayesian model of active inference,which 

represent factors putatively involved in the process of active inference such as learning rate, 

belief stability and learner agency, such as those modeled here via the HGF (Fig. 2a). A 

more thorough review of the latter, including a fuller accounting of the existing gaps in the 

literature is beyond the scope of the current review and will appear instead in future works.

One important consequence of using a framework of relative hyper-precision as a common 

denominator of hallucinogenesis is its ability to unify the numerous and disparate previously 

identified models under a single mechanistic umbrella, analogous to how the formulation 

of the frank-starling mechanism unified mechanisms of heart failure without eliminating the 

utility for consideration of the different specific causes of dropsy (eg. fluid overload leading 

to venous stasis as a primary driver of heart failure vs. myocardial infarction leading to 

decreased cardiac output leading to secondary fluid overload)(Delicce and Makaryus 2021).

Here we consider factors that might lead to hallucinations via alterations in Bayesian 

inference, deriving either primarily from these alterations or from processes further 

upstream. We focus primarily on the role of relative prior hyper-precision, caused by either 

an inability to adjust precision of one’s priors (i.e., primary prior hyper-precision) or as a 

response to poor-quality sensory evidence and an (adaptive) decrease in weighting on that 

evidence during perceptual inference (i.e., secondary prior hyper-precision). While these 

possibilities are discussed as separate paths to a common end, such a separation is artificial 

and imposed here for the sake of clarity and organization. It is certainly possible for multiple 

derangements to occur simultaneously, and indeed combinations of primary and secondary 

hyper-precision may be more hallucinogenic then either one in isolation. We then explore 

the potential behavioral and neural evidence for the existence of these pathways toward 

hallucinogenesis and how they may inform differential attempts at prevention and treatment. 

Lastly, we briefly explore how other, related factors of learning and inference may impact 

the expression of hallucinations, given relative prior hyper-precision.

II. Primary prior hyper-precision

Behavioral evidence

Because precision of priors is a latent (i.e., not directly observable) property of perceptual 

systems, it must be inferred from measurable external quantities. Thus, behavioral responses 

during perceptual tasks are taken as a proxy for what the participant perceives, and the 

precision of the sensory evidence is either set or varied by experimental design, allowing 

an estimation of relative--but not absolute--prior precision. One way to work around this 

limitation would be to manipulate prior precision directly, rather than (or along with), 

precision of incoming sensory evidence. Two recent studies attempted to address this. The 

first (Alderson-Day et al., 2017) used a sine-wave speech stimulus that is made intelligible 

or unintelligible using convolution with sine-wave frequency patterns. The authors then 

manipulated prior beliefs and expectations by having 2 groups of participants (non-clinical 

voice hearers, and non-voice hearers) perform a auditory discrimination task with the sine-

wave speech being presented to participants as background noise, only asking participants 

at the end when they first noticed the intelligibility of the background noise. Despite an 

experimental intervention designed to shift participants’ prior expectations away from voice-
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hearing, those with a history of voice-hearing experiences identified intelligible speech 

earlier than those without such a history. The authors found differences in brain activity as 

measured by fMRI before and after the time at which participants said they first noticed 

the voices, a difference reasonably attributable to the influence of priors rather than sensory 

evidence. In the second (Powers et al., 2017), participants (a combination of non-clinical 

voice hearers, non-voice hearers and clinical voice hearers) were trained to associate an 

auditory tone with a visual stimulus such that, when the visual stimulus was presented 

alone, participants often “hallucinated” the tone. As in the first experiment, voice-hearers, 

regardless of clinical status, were more susceptible to these conditioned hallucinations. 

Both studies manipulated prior beliefs while attempting to keep sensory evidence fixed, 

though the latter study did this more explicitly: Powers and colleagues titrated the level of 

auditory signal-to-noise ratio individually for each subject prior to conditioning and used 

these values for subsequent stimulus presentations, essentially accounting for individual 

differences in auditory processing. Rates of stimulus detection were similar across groups, 

and voice-hearers had lower detection thresholds, which would be inconsistent with an 

account of the main effects having been driven solely by low precision of sensory evidence 

(a potential mechanism explored in section III below).

Potential neural correlates

There is emerging experimental evidence to suggest a mechanistic role for dopaminergic 

neurotransmitter pathway dysfunction in hallucinations, specifically tied to altered prior 

precision (Cassidy et al., 2018). Such a role has been long implicated clinically in psychosis 

based on observations of positive symptom amelioration with antidopaminergics (Arnold 

and Freeman, 1956; Lieberman et al., 1987; Seeman and Lee, 1975; Sommer et al., 2012b) 

and commensurate symptom induction with pro-dopaminergics (McKetin et al., 2013; Stowe 

et al., 2008). Under Bayesian models of perceptual inference, wherein the cause of incoming 

sensory evidence is inferred based on precision-weighted incoming sensory evidence and 

priors on the causes of those sensations, one hypothesized role of dopamine (and other 

neuromodulators) is the direct encoding of the precisions of these sources of information 

in neural circuits (Adams et al., 2013). To test this more directly, Cassidy and colleagues 

developed a novel perceptual inference task in which prior precision is manipulated directly: 

participants were asked to reproduce a tone of set length after exposure to a train of tones 

with either highly variable or more consistent lengths. In order to perform well on the task, 

participants needed to decrease their own prior precision under the highly variable condition, 

where the uncertainty of the predictive evidence was high. Both striatal dopamine release 

and hallucination severity in patients with schizophrenia spectrum disorders correlated with 

inability to decrease prior precision under high uncertainty. This inability to decrease prior 

precision could also be induced in healthy controls under the influence of amphetamine 

(Cassidy et al., 2018). Additionally, work by Katarina Shmack and colleagues(Schmack et 

al. 2021) linked hallucinatory experiences to striatal dopamine via a signal detection task in 

mice, with prior beliefs manipulated either via prior expectations or ketamine. Of note, the 

authors found that elevations in dopamine before stimulus onset predicted false alarms, with 

ventral striatal dopamine being more predictive of upcoming error probability and striatal 

tail dopamine reflecting upcoming signal choice probability. Importantly, administration 

of haloperidol, a d2 antagonist, to the striatal tail reversed these findings. Importantly, 
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the authors backed up these mice studies with analogous human participant task data, 

finding that such false alarms correlate highly with self-reported hallucinations (ie. the 

human participants reported actually seeing something during many false-alarm trials, 

indicative of a hallucination rather than a false alarm due to non-perceptual factors such 

as accidental button press). These findings generally fit with established literature linking 

hyper-dopaminergia to risk for schizophrenia more broadly (Egerton et al., 2013; Howes et 

al., 2020, 2013) and hint at a possible neuro-computational mechanism for this risk.

While a full exploration of the link between hallucinations and various neurotransmitter 

systems is beyond the scope of the current review, we will briefly touch on some potential 

roles (and how they fit into primary vs. secondary accounts) here. Neural process models 

have explicitly linked top-down (prior-related) synaptic transmission to glutamatergic 

functioning as well via NMDA receptor function (K. Friston, 2005). Interestingly, NMDA 

receptor blockade with ketamine and phencyclidine (PCP) has been more associated with 

delusion-like ideas than hallucinations (Powers et al., 2015), whereas lysergic acid (LSD) 

may enhance NMDA function (Lambe and Aghajanian, 2006) and more reliably produces 

hallucinations. Intriguingly, recent work by Katrin Preller and colleagues has demonstrated 

that LSD-related hallucinations are completely blocked by ketanserin (a selective 5-HT2A 

receptor antagonist), making it unlikely that they function solely via an NMDAR-mediated 

mechanism (see also serotonin section below)(Preller et al. 2018) . That said, one recent 

study (Schmack et al. 2021) dosed mice with 30mg/kg of ketamine and had the mice 

perform a signal detection task. They found increases in false alarm rate, investment-based 

confidence in false alarms, and the rate of high-confidence false alarms without disrupting 

perceptual performance on signal-present trials as measured by psychometric curves. The 

authors also found that the degree of variance in time investment-based confidence explained 

by statistical confidence (e.g. confidence expected due to trial by trial signal/noise ratio) was 

not statistically different between mice given ketamine or saline vehicle. Taken together, this 

is consistent with ketamine producing a shift in perceptual expectations rather than reward 

expectations, and while the authors ultimately implicate a role for striatal dopamine, they do 

not directly address a putative mechanism by which ketamine may induce hallucinations.

NMDA-dependent processes are critically involved in synaptic survival during pruning 

(Tessier and Broadie, 2009), and the pruning process itself may differentially impact 

glutamatergic pyramidal cells in schizophrenia (Glausier and Lewis, 2013), potentially 

unifying aberrant pruning (Cannon, 2015; Hoffman and Dobscha, 1989; Hoffman and 

McGlashan, 2006; Sekar et al., 2016; Sellgren et al., 2019) with theories linking psychosis to 

NMDA dysfunction (Krystal et al., 2003). As to how a mechanism like pruning could lead 

to moment to moment fluctuations in perception, one possibility could be a kind of two-hit 

hypothesis, in which excessive pruning leads to the first hit and subsequent environmental 

factors including further blockade or disruption via NMDAR blockade providing the 

second. In this way pruning could predispose to hallucinations later in life. NMDA-receptor 

functioning aberrations have also been implicated in schizophrenia via genetic analyses 

(Harrison and Weinberger 2005; Pitcher et al. 2011; Collier and Li 2003) and psychosis 

(including hallucinations) is inducible via NMDAR blockade/disturbance independent of 

dopamine(Pitcher et al. 2011; Omdal et al. 2005), though the picture is complicated by 

links between NMDAR functioning and dopamine excitability (Pereira and Johnson 2003). 
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Pereira and Johnson also proposed alternative signaling pathways for perceptual distortions 

and frank hallucinations in ketamine, which include increased frontal cortical excitability 

and AMPA signaling via glutamate-binding-mediated Ca2+ entry through voltage dependent 

calcium channels.In concert with altered GABAergic signaling, NMDA dysfunction has 

been implicated in excitatory-inhibitory imbalance, which appears to be an important 

indicator of brain-region level network health, is measurable with non-invasive imaging 

techniques in humans including fMRI and EEG (Foss-Feig et al., 2017), and may be linked 

to alterations in top-down information processing via predictive processing and related 

frameworks (Jardri et al., 2016; Wilkinson, 2014). Thus, NDMA-dependent signaling could 

have a role in hallucinogenesis via primary hyper-precision in two ways: the first would 

be via its interaction with dopaminergic transmission, and the second would be its primary 

effect on creating an E/I imbalance, thus potentially strengthening top-down signals such as 

priors.

Lastly, the serotonin system has been implicated in hallucinogenesis primarily via its 

putative mechanistic role in mediating the effects of hallucinogenic substances like 

psilocybin and LSD(Vollenweider and Kometer 2010; Geyer and Vollenweider 2008; Winter 

2009; Preller et al. 2018), though there remains substantial debate regarding the exact 

mechanism(Glennon 1990). There also is emerging evidence of serotonin dysfunction in 

schizophrenia directly(González-Maeso and Sealfon 2009; Baumeister and Hawkins 2004). 

Finally, because the serotonin system is so strongly implicated in mood(Vollenweider and 

Kometer 2010), this points to a link between mood/affect and hallucinogenic potential. One 

possibility is therefore that serotonin system dysfunction leads to alterations in mood and 

thus mood-associated priors/top down signals are strengthened relative to incoming sensory 

input. One would therefore expect induced hallucinations to occur more frequently in the 

context of greater intensity moods/affects, a study that is currently ongoing (Benrimoh and 

Fisher et al, in prep).

III. Secondary prior hyper-precision (e.g. sensory evidence hypo-

precision)

Alternatively, a relative asymmetry in perceptual inference towards prior hyper-precision 

could be achieved via a primary hypo-precision of incoming sensory evidence. In other 

words, the proverbial seesaw could be tilted towards a greater relative weighting of priors 

by decreasing the weight of incoming sensory evidence. Mechanisms and evidence for 

underlying neural processes that might underlie this shift are considered here.

Behavioral evidence

Secondary prior hyper-precision is an appealing potential mechanism for hallucinogenesis in 

part because decreased sensory sensitivity is a hallmark of schizophrenia-spectrum illness. 

A number of psychophysical studies have reported aberrant (often, though not always, 

decreased) sensitivity to incoming sensory evidence across multiple domains (Adler et 

al., 1999; Braff et al., 1991; Javitt et al., 1999; Turetsky et al., 2003). In the visual 

domain, for instance, individuals with schizophrenia have decreased visual processing 

efficiency (Saccuzzo and Braff, 1986), with findings of increased significantly longer visual 
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registration thresholds correlating with greater negative symptom severity (Weiner et al., 

1990). Patients with schizophrenia also have impaired visual detection, motion perception, 

spatial localization, and gaze (Chen et al., 1999a, 1999b; O’Donnell et al., 1996; Schwartz et 

al., 1987; Slaghuis, 1998; Stuve et al., 1997), a finding that spans multiple sensory domains 

(Malaspina et al., 1994). Individuals with schizophrenia also display greater sensitivity to 

backward masking (Braff et al., 1991; Butler et al., 1996; Slaghuis and Bakker, 1995; 

Weiner et al., 1990), which has been proposed to reflect hyperactivity within transient visual 

channels (Cadenhead et al., 1998; Green et al., 1994; Merritt and Balogh, 1989; Schuck and 

Lee, 1989; Slaghuis and Curran, 1999).

Similar evidence exists in the auditory domain. Early work showed deficits in some auditory 

processing tasks in individuals with hallucinations, including elevated discrimination 

thresholds for tone-matching (Jonsson and Sjöstedt, 1973; Strous et al., 1995) in both pitch 

(Javitt et al., 2000) and duration (Todd et al., 2003), as well as detection of abnormal tunes 

(Leitman et al., 2005). Of these, pitch discrimination has proven most robustly associated 

with hallucinations (McKay et al., 2000), including a positive correlation with severity 

(McLachlan et al., 2013). Other studies have found lower sensitivity in hallucinating patients 

with schizophrenia compared to healthy controls (Chhabra et al., 2016), although evidence 

of improved sensitivity in hallucinating versus non-hallucinating patients has been reported 

as well (Vercammen et al., 2008). Lastly, studies employing a signal detection framework 

to study hallucinations (Dolgov and McBeath, 2005) have tended toward findings of shifted 

criterion bias toward detection (with a corresponding increase in false alarm rate) in addition 

to sensitivity differences to explain worsened performance on auditory descrimination tasks 

(Brookwell et al., 2013). This combination may support a secondary prior hyper-precision 

model, in which sensitivity deficits engender a bias toward detection. Alternatively, they 

could represent two sub-populations of individuals with hallucinations--one with primary 

hyper-precision leading to shifted decision criteria (and even increased sensory precision), 

and the other with reduced sensory precision leading to secondary prior hyper-precision, 

such as the bimodal distribution found by Donde et al in tone-matching deficits that 

implicated the presence of discrete schizophrenia subtypes(Dondé et al. 2019).

Lastly, as learning and inference are increasingly recognized as “two sides of the same 

coin” (Friston, 2018), these two elements may be inseparable within individuals, with 

linked mechanisms causing altered precision in both pathways simultaneously. In such a 

formulation, heightened priors cause decreased sensory sensitivity and decreased sensory 

sensitivity causes heightened priors. Ongoing work on the neural processes encoding these 

precisions in a normative context could shed light on the separability of these processes: for 

example, via pharmacological manipulation of incoming sensory evidence or prior precision 

by altering cholinergic tone, (Marshall et al., 2016) to see if these processes are intrinsically 

linked.

Potential neural Correlates

The visual detection task deficits described above are consistent with a model of selective 

deficits in magnocellular over parvocellular visual processing pathways (Butler et al., 2005, 

2001). Magnocellular pathways carry low-resolution visual feature information quickly and 
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primarily drive attention capture and salience in downstream higher-level cortical areas, 

whereas parvocellular streams are thought to be slower and comprise more high-resolution 

featural information such as fine-grained stimulus configurations that enables operations 

including object identification in higher-level visual processing cortical areas (Norman, 

2002; Steinman et al., 1997; Vidyasagar, 1999; W H Merigan and Maunsell, 2003). In a 

seminal series of studies, steady-state visual evoked potentials were measured from patients 

with schizophrenia in response to stimuli varying in luminance contrast, chromatic contrast, 

and spatial frequency (Butler and Javitt, 2005). The authors found that patients showed 

greater deficits when stimuli were presented WITHOUT a contrast ‘pedestal’ (a high 

luminance stimulus designed to saturate magnocellular response and thus, on trials without 

such a stimulus, bias towards magnocellular processing), consistent with a selective deficit 

in the magnocellular pathway. The consequences of such dysfunction include deficits in face 

recognition, especially facial emotion (Edwards et al., 2002), motion detection (Chen et al., 

2006) and perceptual closure (Doniger et al., 2002; Kveraga et al., 2007).

Early studies investigating auditory processing deficits in schizophrenia using EEG found 

differences in multiple components of the event-related potential (ERP), including the P300 

(Roth and Cannon, 1972), P50 (Adler et al., 1982; Boutros et al., 1991), N100 (Roach 

et al., 2020; Thakkar et al., 2021), and MMN (Ford et al., 2016; Thakkar et al., 2021). 

These correlates are thought to reflect sensory processing pathway deficits at multiple 

levels, including high-level attention-dependent impairments (P300), low level sensory 

gating deficiencies (p50; (Braff, 1993)), identification of self vs. other (N100; (Ford et al., 

2001)), and pre-attention attribution of salience (MMN; (Javitt, 2000)), any of which could 

contribute to a lower reliability of sensory evidence with further downstream consequences 

(Javitt, 2009; Wang et al., 2014).

Multiple studies have demonstrated reduced connectivity between thalamus and frontal 

cortex (Woodward et al., 2012) accompanied by increased connectivity between thalamus 

and sensory cortices, including both somatosensory (Woodward et al., 2012) and auditory 

(Mancini et al., 2020) regions in psychosis. This degree of increased connectivity correlates 

directly with auditory hallucination severity (Ferri et al., 2018), as does relative sensitivity 

of auditory cortex to its thalamic afferents (Li et al., 2017). Similarly, hyperconnectivity of 

thalamus to sensorimotor cortex relates to risk of conversion and total symptom severity 

in young people at clinical high risk for psychosis (CHR-P) although no relationship 

to hallucinations was reported (Anticevic et al., 2015). Disrupted thalamus connectivity 

and functioning has been proposed to underlie symptoms of schizophrenia via aberrant 

(immature) sensory gating (Faugere et al., 2016; Smith et al., 2013), broadly consistent 

with a neurodevelopmental model of schizophrenia (Rapoport et al., 2012). Physiologically, 

several studies have reported decreased auditory cortex activation in patients with AVH in 

response to external stimuli, and increased auditory cortex activation in the setting of AVH 

in the absence of external stimuli (Kompus et al., 2011). As mentioned previously, results 

from hallucination symptom-capture studies have also demonstrated increased gamma band 

activity in thalamo-cortical networks while participants report experiencing hallucinatory 

percepts. Sensory-gating models propose a role for the thalamus as a gatekeeper for 

incoming sensory information, mediated via dynamic use/synchronization of gamma-band 

thalamocortical oscillations(McCormick and Bal 1994). Consistent with this, these results 
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could suggest a compensatory mechanism for primary decreased sensory precision, wherein 

the system attempts to pass-through lower quality sensory information that would otherwise 

be stopped at the gate because better information is not available. Alternatively, the 

observation that such observations are present during auditory hallucinations could point 

toward aberrant top-down signals (primary hyper-precision) instructing the thalamus to 

increase gain, passing forward otherwise subthreshold and noisy auditory input that is more 

likely to be shaped by the existing priors into a hallucinatory percept. A final possibility is 

that the gamma-band activity instead reflects primary increased sensory precision, allowing 

it to pass through the thalamic gate despite being primarily noise and lacking an underlying 

signal per se, thus unduly affecting perception and influencing perceptual belief updating. 

Once through the gate, the noisy information would then be treated as signal and potentially 

misfit by top down prior beliefs, occasionally generating a hallucinatory percept. More work 

is needed to disentangle these possibilities, but the electrophysiological findings highlighted 

here may represent one key way of doing so.

In combination, evidence for increased spontaneous activity and relatively decreased evoked 

activity in the auditory system is broadly consistent with poor-quality incoming sensory 

evidence, which should optimally be weighted less heavily during perceptual inference.

IV. Other model elements

In addition to considering precision of priors and sensory evidence, we may briefly touch on 

the role of other elements of learning and inference that could contribute to hallucinogenesis. 

As illustrated in Figure 2, these elements could also make hallucinations more likely to 

occur. Depicted in Figure 2a is the Hierarchical Gaussian Filter (HGF), a generative model 

used to explain behavior across a large number of settings. Of most relevance to our 

discussion, the HGF has been used to ascertain the latent states driving the occurrence of 

conditioned hallucinations—false percepts generated by Pavlovian conditioning (Kafadar 

et al., 2020; Powers et al., 2017). One obvious element of importance in the model is 

Nu, or the relative weighting of priors relative to incoming sensory evidence. However, 

the likelihood of reporting a conditioned hallucination may also be influenced by other 

factors. These include learning rates, the encoding of environmental volatility, and decision 

noise, all of which may be impacted by other aspects of psychotic and normative cognitive 

functioning. Because the HGF is a generative model, it can be used to generate synthetic 

data using a range of parameters (Fig. 2b,c). Doing so clearly demonstrates the importance 

of Nu in making conditioned hallucinations more likely; however, second order beliefs 

including task learning rate (ω1), beliefs about the stability of learned environmental 

associations (ω2), and even decision noise (β−1) may play a clear role, leading to the 

prediction of “hot spots” of latent states likely to produce conditioned hallucinations. 

Notably, the last point about decision noise leading to hallucinations is both somewhat 

controversial and counter-intuitive, as β−1 is a parameter that exits outside of the perceptual 

model itself, and reflects the stochastity inherent in hallucinatory reports irrespective of 

percept. That said, there is emerging evidence for a role of policy space and interactions 

between agent choices/behaviors and prior beliefs/percepts (Benrimoh 2022). And it 

has long been known that a more structured, low-stress, and predictable environment 

is beneficial for schizophrenia. The degree to which these factors are represented in 
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individuals with hallucinations remains an unanswered empirical question but may impact 

our understanding of the details of cognitive and perceptual processing that may work 

together to produce the constellation of symptoms typically seen in psychosis.

Under our model, various neurotransmitter systems could act via different parameters. 

As an example, the precision of sensory evidence appears to depend critically upon 

cholinergic signaling, whereas prior beliefs have been more intrinsically linked with striatal 

dopamine(Iglesias et al. 2021). NMDA receptor dysfunction or serotonin system dysfunction 

are less well defined, but could represent deficits at higher level parameters including 

learning rate (ω2), though further investigation is needed to confirm these predictions.

It is also important to acknowledge that although each factor and parameter above is 

considered separately by the manuscript, multiple derangements may occur simultaneously 

and the effects may interact nonlinearly. For instance, that Nu is expressed as a ratio clues 

us in to the fact that the two factors (sensory and prior precision) may be biologically 

linked through feedback and maintenance of homeostasis. Thus, changing one factor 

(prior precision) might influence the other over the course of neurotypical development or 

psychiatric illness. Following this example further, there may exist a putative tipping point 

between the factors, the crossing of which could be achieved either with large changes in 

one or smaller but opposite changes in both. This may mean that in practice, assuming a 

stochastic random walk, observed individuals in the real world with hallucinations are more 

likely to land past the tipping point through small changes in both simultaneously, analogous 

to how flipping a coin 10 times is more likely to result in 5 tails and 5 heads than 10 tails, 

not because any one specific combination is more likely, but because there are more ways 

to arrive at 5+5 then 10 and 0. This remains an unanswered empirical question; however, at 

least theoretically, we can not rule out hallucinogenesis driven by a single derangement.

Active Inference Models

Recently, Parr and colleagues utilized an active inference model to test behavioral 

predictions under various model perturbations to more directly probe the relationship 

between cognitive model parameters and behavior/symptoms (Parr et al., 2018). Specifically, 

they modeled the process of Active Inference by simulating visual scene construction 

using a Markov Decision Process model, wherein beliefs about the putative visual scene 

were updated in real time through a combination of prior evidence (previous beliefs), 

incoming sensory evidence (modeled as observations constructed from a combination of 

latent variables representing the “true” identity of the scene modified by a precision 

term), and a set of policies, or actions, that the agent was allowed to pursue in order 

to optimally construct the scene (such as where in the visual scene to direct gaze next). 

Crucially, this model was informed by known physiologic constraints surrounding regional 

connectivity and the visual processing hierarchy, enabling them to explicitly model and 

test what effects making modifications to various model parameter strengths (such as prior 

belief precision) had on model behavior, belief updating, and final output, affording them 

the chance to demonstrate which factors most directly contributed to the generation of 

visual hallucinations. As a result, they found a clear relationship between reduced policy 

space (agent decision actions) and hallucinogenic potential, though policy space was not 
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manipulated directly. Namely, in the discussion section of the cited paper, the authors 

conclude that more abstract or complex behaviors (policies) may require the integration 

of prior beliefs across multiple sensory modalities, therefore requiring a minimization of 

free energy across multiple domains. One implication of this is that a reduced policy space 

relative to an agent’s environment can cause phenomena such as hallucinations to develop, 

as a selected policy that minimizes total free energy, primarily driven by a reduction in 

one sensory modality (say an interocepted elevated heart rate) implies an exteroceptive state 

(something dangerous is around), which may not fit actual incoming sensory information. 

The HGF model used in this review notably does not include a policy space parameter 

(i.e. the model does not allow itself to consider actions it could take to benefit future 

perceptual inferences). The model described above therefore exhibits a potential extension 

of the HGF; inclusion of a parameter to model policy space allows for yet more of the 

possible hallucinogenic space to map, and may even lead to novel treatments or evidence for 

the use of existing treatments, such as described in another article in this issue (Benrimoh et 

al, 2021), which links findings related to the hallucinatory potential of altered policy spaces 

and real world treatments for schizophrenia, including environmental structuring.

V. Model predictions

The preceding text has concerned itself primarily with outlining the evidence for a model 

of hallucinogenesis based upon a unifying neurocomputational mechanism of relatively 

increased influence (precision) of prior beliefs. The major utility of such a model is its 

explanatory power, and the benchmark for its success is its ability to make testable and 

falsifiable predictions. In the next section, we consider the latter, focusing on predictions of 

novel neural and behavioral phenomena that may predispose to hallucinogenesis across the 

lifespan.

Some of the predictions made by the model can be tested with existing technology, such 

as Laminar fMRI, while others first require further technological advances. Laminar fMRI 

is a recently developed technique which leverages ultra-high-field (7-Tesla and above) MRI 

scanners to interrogate functional changes in vascular activity at sufficient submillimetre 

resolutions to observe activity in previously difficult-to-image layers of the cortex in awake 

humans(Lawrence et al. 2019). The key factor in terms of testing competing ideas of 

precision in hallucinogenesis is that different layers have different interregional patterns 

of connectivity, with this concept discussed expertly by Joost Haarsma and colleagues 

(Haarsma et al. 2020) taking into account ideas of canonical microcircuits(Bastos et al. 

2012). Bottom-up signals largely flow from superficial Layers 2/3 to the granular Layer 4 

of downstream regions. By contrast, feedback arises from the deep layers 5/6 and targets 

agranular Layers 1 and 5/6 of upstream regions(Kok et al. 2016). If we logically assume that 

prior information travels via feedback channels, this circuitry allows us to form hypotheses 

about the likely outcome of previous experiments that observed experimentally controlled 

or conditioned hallucinations or visual illusions, thus offering the possibility to explore the 

neural circuitry underlying hallucinogenesis.

If hallucinations are a result of decreased weighting towards sensory input, then this might 

be assessed by examining laminar activity patterns caused by direct sensory input. Here, we 
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might expect to observe decreased activity in middle layers receiving thalamic input and 

also potentially in superficial layers thought to process prediction errors due to a weaker 

comparison between sensory inputs and prior beliefs. Alternatively, if hallucinations are a 

product of overly precise or strong priors, then this could be reflected in increased deep 

layer activity in patients prone to hallucinations. Previous work has shown that it is possible 

to record stimulus specific representations of expected/cued visual stimuli in deep layers of 

V1 even when no stimulus is actually present (Aitken et al. 2020) providing support for 

this idea. However, it is important to note here that simply finding differences in laminar 

activity does not necessarily support accounts of alterations of prior or sensory precision 

during hallucinogenesis. In order to tease these apart, it would be helpful to manipulate 

both components directly and independently, a rarity in the current literature. One such 

attempt by Karvelis et al (Karvelis et al. 2018) used a statistical learning task in which 

participants were instructed to estimate the direction of a patch of coherently moving dots. 

Over the course of the task, participants were shown to rapidly and implicitly learn the 

most frequently presented directions, allowing the experimenters to manipulate their prior 

beliefs via direction presentation frequencies independent of trial by trial sensory precision 

(as indexed by dot cohesion). One challenge of this method however is that an individual 

with low static sensory precision may learn more poorly or slowly than another individual, 

because the incoming frequency information is less well internalized due to imprecise 

sensory priors. However, this possibility is mitigated somewhat by using high coherence 

trials for learning and low coherence trials for testing. Another method might be to use serial 

dependence, an illusion in which percepts of low-level stimulus features such as orientation 

and position are highly influenced by past presentations (Cicchini, Mikellidou, and Burr 

2011.; Corbett, Fischer, and Whitney 2011; Kahneman, Slovic, and Tversky 1982) with this 

idea also touched upon in Haarsma et al 2020. Serial dependence is inversely related to 

sensory noise such that the impact of previous stimulus values increases as stimuli become 

harder to see and sensitive to correlations in previous stimulus presentations (Cicchini et 

al. 2016; Cicchini, Mikellidou, and Burr 2018; Taubert et al. 2016). If participants prone 

to hallucination exhibit more serial dependence than controls even when inappropriate (i.e., 

when prior stimulus presentation was random) and its magnitude is inversely correlated with 

their sensory thresholds, then this would indicate that disruptions in sensory precision are 

responsible for the misperception of stimuli. In terms of laminar activation patterns, we 

would expect corresponding decreased activity in middle layers receiving sensory input and 

superficial layers coding prediction errors. Alternatively, if participants that are more prone 

to hallucinations exhibit serial dependence related to the correlation levels of prior stimuli 

and more than controls, this would indicate that disruptions in prior precision are responsible 

for the misperception of stimuli. Here we would expect increased activity in deep layers 

receiving predictive feedback input from higher regions.

Characterizing the activity of feedforward and feedback perceptual circuits is a logical next 

step in the study of hallucination formation. Extension of investigations into the role of 

less-studied, sensory-distal regions will also be crucial. One relevant brain system strongly 

implicated in higher-order modeling and integration of prior beliefs across time and sensory 

domains is the hippocampal formation (Felleman and Van Essen 1991; Duncan et al. 2012; 

Kok and Turk-Browne 2018; Lavenex et al 2000 ; Schapiro et al. 2014, 2017). Previous 

Sheldon et al. Page 14

Schizophr Res. Author manuscript; available in PMC 2023 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



work has assessed the role of the hippocampus in learning higher order sequence structures 

(Chen et al. 2011.; Lavenex and Amaral, 2000 ; Schapiro et al. 2014; Schapiro, Kustner, and 

Turk-Browne 2012) and in some cases has related learning to temporally suppressive effects 

in early sensory regions (Kok and Turk-Browne 2018a, 2018b) consistent with predictive 

coding accounts of repetition suppression (Grill-Spector, Henson, and Martin 2006; Rao 

and Ballard 1999). In line with these findings, Kok and Turk-Browne (2018a, 2018b) also 

reported that the hippocampus represents shapes predicted by stimulus associations (tone 

predicts a shape) whereas visual cortex represented what was shown to the eyes with 

suppressive effects in V1 commensurate to the strength of hippocampal representation. 

Application of similar designs in the study would allow testing of a number of hypotheses 

designed to assess the hyper-precise prior vs hypo-precise sensory evidence accounts of 

hallucinogenesis.

For example, if hallucinations are a result of an increased weighting of prior beliefs 

then we might predict stronger predicted shape representations within the hippocampus 

producing a faster and increased suppression of activity in early sensory regions (from an 

initially normal intensity) in those prone to hallucinations. Conversely, if hallucinations 

are a product of hypo-precise sensory evidence, we could predict that we will see overall 

lower activity in early sensory regions and a slower and weaker build-up of predicted shape 

representation in the hippocampus in those more likely to experience hallucinations due to 

weaker prediction error signaling. Assessing potential differences in the temporal evolution 

of prior beliefs and their integration across sensory domains in individuals would also 

benefit from further research at a higher temporal resolution made possible by the use of 

Magnetoencephalography (MEG) or electroencephalogram(EEG)

Previous MEG studies have shown that the strength of representations of expected stimuli 

proportionately modulate the effects of such expectations on early sensory processing (~150 

ms) (Aitken et al., 2020; Kok et al., 2017). Analysis has revealed that subjects with a 

stronger perceptual bias towards previously cued orientations can also show a stronger 

reflection of the predicted direction in the MEG signal. Here, in some subjects exhibiting 

such a bias, a representation of the expected orientation emerged in the visual cortex 

before the stimulus was actually presented. These paradigms present a further means to 

gauge both the relative influence of hyper-precise priors and hypo-precise sensory evidence 

in hallucinogenesis and also any potential differences in temporal representation of prior 

beliefs at the stimulus-specific level. If hallucinogenesis is a result of overly precise 

priors, we would observe a stronger representation of cued stimuli in the MEG signal 

relative to presented stimuli in those at risk for hallucinations as opposed to controls. 

We may also observe a very strong influence of priors on perceptual processing in such 

individuals, as indicated by an earlier representation of the expected stimulus. Alternatively, 

if hallucinations arise from an underweighting of current sensory inputs then we should 

observe a weaker representation of presented stimuli relative to expected stimuli and no 

pre-stimulus modulation of visual cortex.

Finally, at the level of brain regional networks, via a combination of computational modeling 

approaches (such as Dynamic Causal Modeling, DCM (David et al., 2006)), we predict 

that different hallucinogenic phenotypes will display different network properties. For 
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instance, an individual with hallucinations driven by primary low learning rate (ω2, Fig. 

2) represents an individual with broad hyper-precision relative to an individual with average 

ω2 but high Nu, whose hyper-precise priors are limited to beliefs about a specific task or 

sensory modality. We might therefore expect the first individual to display a more uniformly 

strengthened default mode network, or attentional network, regardless of task engagement. 

Additionally, we would expect deficits across a wide range of sensory inference tasks, 

including across different sensory modalities. In contrast, the second individual may show 

a marked increase in network connectivity associated with a specific task or modality, 

reflecting their more specific prior.

VI. Impact of Knowledge of Trajectories

Beyond predictions this model makes with respect to fully-formed hallucinations, even 

more exciting is the prospect of testing predictions made about the earlier stages of 

hallucinogenesis, including those with first episode psychosis (FEP) and CHR (Kafadar et 

al., 2020), as well as those with known genetic mutations that confer advanced risk but who 

show no symptoms of psychosis, or genetic high risk (GHR). The dynamics inherent in the 

development of psychotic symptoms are crucial not only for the testing and elaboration of 

the models we propose here, but also for the identification of differential trajectories toward 

hallucinogenesis and worsening of psychopathology. The power of a framework that links 

derangements of different aspects of perceptual functioning in explaining the emergence of 

a psychotic symptom is that it can form the basis of biomarkers meant to identify distinct 

mechanisms leading to a common phenotype. The mapping of these different subtypes 

can also aid in prospective clinical identification. For instance, individuals with a primary 

sensory precision derangement may show different early symptoms than individuals with a 

primary prior derangement, leading to an enhancement in their clinical identification and, 

ultimately, to tailored intervention.

These interventions may certainly be biologically-based, using medications, neurofeedback, 

or brain stimulation to directly alter circuits involved in the development of hallucinations. 

However, this need not be the case: more comprehensive models capable of capturing not 

only hallucinogenesis but also the impact of psychosocial interventions may be critical 

for development of personalized interventions. For example, recent evidence highlights the 

ability of some non-clinical voice-hearers to exert voluntary control over their voice-hearing 

experiences (Mourgues et al., 2020; Swyer and Powers, 2020). Current models are not 

structured to take into account voluntary action in the process of hallucinogenesis; their 

modification may lead to further insight not only into how this might be possible, but also 

into other pathways toward their development in the first place. Similarly, model elaboration 

to take into account the impact of mood and affect may elucidate whether and how affective 

psychoses may take different pathways toward the ultimate development of hallucinations, 

and how those hallucinations are often informed by affective state, despite violation of strict 

perceptual modularity (Powers et al., 2016). These findings may also extend to the role of 

other stressors in hallucinogenesis as well as relapse of psychotic symptoms over the course 

of treatment.
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VII. Conclusions

In summary, the current work has reviewed the literature on potential neural mechanisms 

underlying hallucinogenesis, organized through the lens of an explanatory model of 

perceptual inference. The act of placing what is known in the current literature into a 

rational structure allows one to not only more easily conceptualize, remember, and draw 

together a cohesive body of knowledge, but also to more easily visualize the negative space: 

in highlighting what is not known, the field can more easily address these gaps, filling 

in the corpus overall. Lastly, asserting and testing a well-delineated pathophysiology of 

hallucinations should have the added benefit of limiting the stigma associated with these 

experiences. It is clear that the suffering of our patients is compounded by the stigma 

society places on their symptoms; we hope that the identification of well-defined biological 

processes leading to hallucinogenesis may place these otherwise othering phenomena more 

solidly into the realm of medical science.
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Figure 1. Pathways to hallucinogenesis via relative prior hyper-precision.
a. Medical nosology is based on a model of pathogenesis for given signs and symptoms. 

In this example, scleral icterus is known to be caused by high serum bilirubin. 

Hyperbilirubinemia itself is likely to be caused by dysfunction in a number of organ 

systems--increased production of bilirubin by breakdown of red blood cells, dysfunctional 

processing of bilirubin by the liver, or impaired clearance of bilirubin via the gallbladder. 

Dysfunction in these organ systems is caused by distal etiologies, including infection, 

autoimmune disease, or physical obstruction. Treatment is aimed at alteration of these distal 

causes, and tests allow clinicians to infer the causes of the signs or symptoms observed 

in order to identify the most appropriate interventions. Credit to Klaas Enno Stephan 

for the example, b. A map of potential causal pathways to hallucinogenesis with relative 

prior hyper-precision as a final causal step. In this example map, prior precision may be 

caused by inability to appropriately decrease precision of priors (primary relative prior 

hyper-precision) or by decreased precision of incoming sensory evidence (secondary relative 

prior hyper-precision), itself an adaptive response to low signal-to-noise ratio of sensory 
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afferents. These abnormalities may be causally related to other findings commonly observed 

in psychosis. Rather than being an exhaustive depiction of pathways to hallucinogenesis, this 

causal map is meant to illustrate how recent findings may lead to a nosological map akin to 

that depicted in a. Superscripts denote references relevant to findings and causal pathways 

depicted. 1. (Cassidy et al., 2018; Corlett et al., 2019; Powers et al., 2017; Schmack et al., 

2021; Teufel et al., 2015; Zarkali et al., 2019); 2.(Javitt et al., 1999; Javitt and Freedman, 

2015; Rabinowicz et al., 2000); 3. (Li et al., 2017); 4. (Mancini et al., 2020); 5. (Baba et al., 

2020); 6. (Hoffman and Hampson, 2011); 7. (Jardri et al., 2016); 8. (Cassidy et al., 2018; 

Horga and Abi-Dargham, 2014); 9. (Thiebes et al., 2018); 10. (Kehrer et al., 2008); 11. 

(Hughes et al., 2020; Pak et al., 2021)
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Figure 2. Model schematic for Hierarchical Gaussian Filter (HGF) model.
a. The HGF is a generative model of sensory observations, combining states of the world 

(X1-3) and sensory evidence (U) into percepts and behavioral responses (in combination 

with a response model) in a specific experimental context. In this case, the HGF is modeling 

responses during the Auditory Conditioned Hallucinations task (Powers et al., 2017). 

Crucially, this model can be inverted based upon data (i.e., actual participant responses and 

sensory evidence strength) to provide estimates of beliefs about states of the world (μ1-3) 

are generated from a combination of incoming sensory information and prior beliefs (X1) 

about those states, which can be differentially weighted (nu) in terms of their contribution 

to updating these parameters at some time later (t). These prior beliefs are themselves 

modified by beliefs about those beliefs (x2), and beliefs about those beliefs (x3), each of 

which is also affected by an evolution rate (w1 and w2, respectively), which can be thought 

of as the overall volatility of beliefs across time. b-c. Shown here are possible “maps” 

of hallucination space, or possible combinations of model parameters (from the model 

detailed in figure 2) that are predicted to lead to more or less hallucinations. Part a shows 
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a hypothetical model space based on simulations generated to be consistent with trends 

observed in previous work: namely that as beta and nu increase, the chance of hallucinations 

increases as well. Part b shows a similar plot generated directly from data from a single 

study, that shows the power of such a mapping approach. What we see in this figure are local 

pockets of high and low hallucinogenic potential that do not map as neatly onto linear trends 

of individual model parameters, but rather reflect hallucinogenic “hotspots” that may or may 

not map onto individuals who are experiencing hallucinations in the moment.
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