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Abstract

The mechanisms of psychotic symptoms like hallucinations and delusions are often investigated
in fully-formed iliness, well after symptoms emerge. These investigations have yielded key
insights, but are not well-positioned to reveal the dynamic forces underlying symptom formation
itself. Understanding symptom development over time would allow us to identify steps in the
pathophysiological process leading to psychosis, shifting the focus of psychiatric intervention
from symptom alleviation to prevention.

We propose a model for understanding the emergence of psychotic symptoms within the
context of an adaptive, developing neural system. We will make the case for a
pathophysiological process that begins with cortical hyperexcitability and bottom-up noise
transmission, which engenders inappropriate belief formation via aberrant prediction error
signaling. We will argue that this bottom-up noise drives learning about the (im)precision of new
incoming sensory information because of diminished signal-to-noise ratio, causing an adaptive
relative over-reliance on prior beliefs. This over-reliance on priors predisposes to hallucinations
and covaries with hallucination severity. An over-reliance on priors may also lead to increased
conviction in the beliefs generated by bottom-up noise and drive movement toward conversion
to psychosis. We will identify predictions of our model at each stage, examine evidence to
support or refute those predictions, and propose experiments that could falsify or help select
between alternative elements of the overall model.

Nesting computational abnormalities within longitudinal development allows us to account for
hidden dynamics among the mechanisms driving symptom formation and to view established
symptomatology as a point of equilibrium among competing biological forces.



Introduction

Modern medicine depends on a basic knowledge of pathophysiology. By understanding the
bodily states that drive normal functioning, we can begin to understand how these are disrupted
over time to produce disease. That understanding then drives identification of new ways to
interrupt and reverse the disease process for prevention and treatment (1,2).

Calls for psychiatry to take a similar approach have grown (3,4), but difficulties in identifying
biomarkers for established psychiatric diagnoses have slowed progress. Renewed hope in
these efforts has come with the advent of theory-based computational approaches to
understanding normative brain function and how its derangement might produce psychiatric
disease (5-7). Theory-based approaches, through the use of explicitly-defined mathematical
models, have the power to connect from the microscopic level of conserved internal processes
(8,9) to the macroscopic level of observable behavior and symptoms (10,11). This
comprehensive framework not only bridges the gap between internal mechanisms and external
manifestations of psychiatric diseases but also enables the testing of a broad spectrum of
hypotheses regarding unobserved (i.e., latent) states that underlie symptomatology and disease
progression.Recent studies based on these generative modeling approaches have succeeded
in identifying information processing abnormalities that drive abnormal behavior in participants
with symptoms as diverse as hallucinations (12,13), anxiety (14,15), and binge eating (16),
among many others.

Because of their ability to estimate latent states driving behavior relevant to symptomatology,
generative modeling approaches have the potential to track the relationships between these
latent states and symptoms over time (13). This brings our knowledge of the causal chain
driving symptoms to the step just prior to symptom onset and also already makes these
approaches immensely powerful as tools for prognosis: if latent state estimates are found to
change prior to symptom worsening, they may serve as early warning signs and would allow for
directed early intervention before a crisis arises.

But, perhaps because it is difficult to obtain data pertaining to initial symptom development,
these approaches have not yet been used to their full potential in identifying the causal chain(s)
of latent states that ultimately lead to symptom development. To draw a parallel with cardiology,
identification of latent states leading directly to psychiatric symptom development is akin to
identifying why a patient has angina—namely, they have decreased blood supply to their cardiac
muscle that then leads to chest pain. This is an important realization and can lead directly to
intervention by alleviating the causal narrowing of the coronary arteries. But the real impact
comes from understanding the precursor processes like atherosclerosis that lead to narrowed
arteries in the first place. This insight then makes primary prevention possible via statins,
antihypertensives, and lifestyle modifications. In understanding psychiatric symptom
development, the real benefit in the form of prevention and early intervention will come from
identification of processes that lead to latent states that lead directly to symptom development.

In this invited review, we outline a model for how derangements in information processing that
appear to underlie psychotic symptom expression may arise. Our hope is that, by identifying the
potential links in such a causal chain, we might test and refine this model, ultimately expanding
the scope of psychiatric practice from symptom alleviation to prevention.



Predictive processing and psychotic symptoms

Historically grouped into the positive symptoms of psychosis, delusions and hallucinations both
involve alterations in a person’s sense of reality. The presence of at least one of these primary
symptoms of psychosis is required for clinical diagnosis of a psychotic disorder (17). Although
they often co-occur in psychotic iliness, recent evidence suggests that delusions and
hallucinations may emerge from distinct alterations in learning and perceptual inference (18-
23).

Based in the predictive processing computational framework (24) and the related Bayesian
Brain hypothesis (25), many theories have emerged to describe how individual psychotic
symptoms might emerge from alterations in how the brain models its environment and
incorporates new information (20,21,26-28). In brief, these ideas describe an efficient and
evolutionarily-conserved way the brain might best understand the contents of its environment
and act upon it to achieve goals crucial to the organism’s survival--namely, it must build an
internal model of its environment and use new information from the senses to update that
model, depending on the relative reliabilities of the model itself and new sensory information
(29-31). Integrating new information into existing beliefs is optimally achieved via Bayesian
statistical mechanisms in which beliefs are updated when there is a mismatch between
predicted and observed data (i.e., a prediction error), weighted by the relative reliabilities of the
prediction and the prediction error. Multiple perceptual and cognitive processes have been
shown to approximate Bayes-optimal processes (32). This simple scheme provides a lens
through which we might view all functions that involve inference about the environment and
formation and updating of new beliefs, including ways normative processing might be altered to
produce errors that could produce psychiatric symptoms.

Within this framework, delusions may be thought to arise from inappropriate learning about the
world, resulting in beliefs that do not conform to consensual reality (27). Behavioral and imaging
findings consistently relate inappropriate prediction error signaling to a propensity toward
delusional ideation in psychosis (33), schizotypy (34,35), and in healthy individuals under the
influence of the psychotomimetic drug ketamine (36,37). Interestingly, paranoid ideation may
relate specifically to enhanced beliefs about environmental volatility (38,39), possibly stemming
initially from enhanced prediction error signaling supporting learning about that volatility. It
should also be noted that this work specifically relates to delusion formation, rather than
maintenance; delusional conviction has been shown to specifically relate to the more top-down
jumping-to-conclusions bias (38), which we will revisit in a later section.

Bayesian formulations of perception describe it as an inferential process—coming to a
conclusion about the content of the environment using existing beliefs about that environment
and new information from the senses. If this is true, it stands to reason that hallucinations (i.e.,
percepts that do not correspond to sensory evidence) may result from an over-weighting of
existing beliefs during that process (18,21,28). This has now been borne out by multiple
different experiments using different paradigms across different disease processes and in the
general population (12,13,40-45). The consistent finding across these studies is that individuals
with hallucinations are more likely to rely on their expectations (or priors in Bayesian terms) than
on their sensory evidence. It also appears that this susceptibility not only reflects long-term
propensity toward hallucinations but tracks with hallucination severity (13,43), supporting the
idea that hyper-precise priors are a state of information processing leading directly to symptom
expression.

Of course, delusions and hallucinations co-occur in psychotic illness, which leaves us to explain
how the same symptoms might co-exist despite purportedly being caused by seemingly



opposite information processing abnormalities. In attempting to explain this apparent
contradiction, some have rightly appealed to the fact that priors and prediction errors occur at
each level of a vast neural processing hierarchy spanning perception and cognition (26,28).
Supporting this account, recent work has emphasized differences in low-level sensory and
higher-level volatility-based prediction error signaling in psychosis (46,47).

In this piece, we propose a model that accounts for this seeming contradiction by positing that
the abnormalities driving the emergence of delusions and hallucinations are causally related
over time (Fig. 1): an over-reliance on priors that predisposes to hallucinations may be a
compensatory response to the bottom-up noise driving delusion formation.

A dynamic model of psychotic symptom emergence

We present a model that aims to explain the development of psychotic symptoms in the context
of a dynamic neural system evolved to maintain allostasis. Our model outlines a
pathophysiological process that begins with NMDA receptor hypofunction (48) leading to
heightened cortical excitability (49,50) and bottom-up noise (51). We propose that this initial
disruption leads to delusional belief formation through aberrant prediction error signaling
(562,53). We argue that this noisy input drives learning about the unreliability of new sensory
information (54,55), resulting in an adaptive reliance on prior beliefs, delusion formation,
hallucination propensity (12,40,41,56,57), and solidification of existing beliefs consistent with
conversion to psychosis. The following sections outline the evidence for each of these steps and
consider the predictions they make in studies examining factors leading to the emergence of
psychotic symptoms.

NMDA hypofunction leads to cortical hyperexcitability

Studies conducted between the 1960s and the 1990s revealed that N-methyl-D-aspartate
(NMDA) glutamate receptor antagonists such as phencyclidine (PCP) and ketamine can induce
psychotic-like symptoms, leading to the glutamate hypothesis of schizophrenia (58-60). A
growing body of evidence now supports the involvement of the excitatory neurotransmitter
glutamate in schizophrenia and emphasizes a central role for NMDA receptors (61,62). Recent
genomic discoveries implicating myriad NMDA-related genes further strengthen this theory
(63,64).

Glutamatergic dysregulation appears to occur upstream of dopaminergic dysfunction and may
act as a primary step in the pathophysiological process (65). Animal models have been
instrumental in elucidating the consequences of NMDA receptor hypofunction on cortical activity
and behavior (66). Electrophysiological recordings show that NMDA receptors preferentially
regulate the firing rates of fast-spiking gamma-aminobutyric acid (GABA) interneurons,
responsible for controlling the activity of glutamatergic pyramidal neurons via inhibitory feedback
loops (67). It has been proposed that reduced NMDA receptor activity therefore results in
disinhibition of pyramidal neurons, increasing their firing rate (68). This is exacerbated by
allostatic downregulation of GABAergic signaling due to reduced excitatory drive to interneurons
(69). Non-glutamatergic and GABAergic alterations associated with schizophrenia may further
contribute to heightened excitability (70,71), as could environmental predictors of psychosis risk
like stress (72).



Cortical hyper-excitability is related to enhanced prediction-error signaling and leads to delusion
formation.

Hyper-excitability of cortex may be thought of in terms of aberrant prediction-error signaling:
noisy input ascending the sensory processing hierarchy and leading to increased cortical firing
corresponds to sensory ‘information’ that is not predicted by higher levels (51), causing
inappropriate learning (52) by Hebbian principles of associative learning (73). In addition to
ascending thalamocortical input disruptions, this may manifest as cortico-cortical
dysconnectivity, as has been documented in psychosis (74). As reviewed above, a tendency
toward delusion formation has been repeatedly linked to inappropriate learning via aberrant
prediction error signaling (33-36,75). Large-scale connectivity data also support that this state
of affairs is prominent in the earliest phases of psychosis, with enhanced corticothalamic
connectivity evident in the Clinical High Risk state for Psychosis (CHR-P) and delusion-inducing
psychotomimetic administration (76,77). At the level of conscious perception, these aberrant
prediction errors may manifest as the well-documented, low-level sensory (and motor)
dysfunction that has been observed early in psychosis (78).

Cortical hyper-excitability also leads to decreased signal-to-noise ratio (SNR) of incoming
sensory information

Ascending sensory noise results in a reduction in the signal-to-noise ratio of incoming
information (79). Noisiness of neuronal firing within sensory processing streams diminishes both
signal transduction and discrimination performance (80,81), and may be most marked in the
auditory system (82,83).

Internal sensory noise can also be estimated through the measurement of absolute detection
threshold and as degree of deviation from Weber’s law at near-threshold stimulus intensities on
psychophysical tasks (84). Decades of work has established pan-modal deficits in detection and
discrimination abilities in schizophrenia (85,86), with especially notable deficits in the auditory
domain by some measures (87). These include electrophysiological signatures like sensory
gating failures that could be explained by heightened cortical excitability and resulting internal
noise increases (88,89). This noise has also been linked to higher-level disruptions in working
memory encoding that are characteristic of schizophrenia (88).

Decreased SNR leads to adaptive prior hyper-precision

An adaptive response to low SNR is slower learning (90) and more relative reliance on prior
knowledge during inference in the face of learned sensory unreliability (91). This process is
analogous to the reliability weighting that occurs between sensory modalities during Bayesian
integration: information from the senses is combined to form an integrated posterior shaped by
the reliability of each channel of input (92,93). This reliability weighting explains multisensory
illusions like the ventriloquist effect (94) and the rubber hand illusion (95). In a similar way,
perceptual belief updating depends on the reliability of incoming sensory evidence relative to
that of priors (96,97). As reviewed above, prior hyper-precision is consistently found in
hallucination-prone individuals and seems to track with symptom severity. Recent evidence also
highlights an additional potential role for reduced sensory precision in hallucination-prone
individuals (43).



While delusion formation has been tied to inappropriate learning via aberrant prediction error
signaling, as outlined above, delusional conviction appears to be tied to slowness in updating
existing beliefs in the face of disconfirmatory evidence (98) and a relatively over-weighting of
priors during inference (38,99). Increased conviction in the reality of these beliefs and percepts
is diagnostic of a transition to full psychosis (100).

Convergent evidence

The model we outline has the potential to explain a number of clinical and epidemiological
findings in psychosis, including mechanisms behind established risk factors for psychosis
development and the presence of other hallucinatory syndromes. We outline these briefly
below.

Environmental risk factors for psychosis increase bottom-up noise

If, as our model states, psychosis begins with aberrant bottom-up noise, factors that cause or
mimic that bottom-up noise should increase risk for psychosis. Exposure to several bioactive
compounds increases the likelihood of psychosis development (101), likely via different specific
pathways depending on the specific compound, population, and diagnosis in question.

Cannabis exposure has been considered to meet some criteria for causation of psychotic
disorders lasting beyond transiently-induced psychotic symptoms (102). Cannabis exposure has
since been shown to carry one of the largest risk ratios of any known environmental exposure
for psychosis development (103) and worsening of psychotic symptoms (104). High cannabis
use has been related to the presence of odd beliefs, magical thinking, unusual perceptual
experience, and odd and eccentric behavior, as well as deficits in attention, psychomotor
speed, working memory, cognitive flexibility, visuo-spatial processing, and verbal memory (105).
Electrophysiologically, cannabis exposure has been linked strongly to higher Lempel Ziv
Complexity (LZC), a measure of ascending noise (106), which may also result in diminished
ERPs to incoming stimuli (107).

Serotonergic psychedelics (SPs) may also increase risk for psychosis (108) and produce
prominent psychotomimetic effects in healthy users (109). While the link between SPs and
psychosis remains hotly debated, numerous case series and reports exist of psychotic episodes
precipitated by psychedelics (110,111) and recent studies suggest subclinical psychotic-like
perceptual and cognitive alterations following use (112). SPs also appear to increase cortical
excitability and bottom-up noise. At the cellular level, SPs excite layer V neurons via 5-HT2A
receptor agonism, causing Gg-mediated intracellular calcium release (113). Similar to cannabis
above, SP administration invariably increases LZC in human EEG studies (114-116). SPs also
consistently decrease alpha band power (116,117), sometimes with coincident increases in
gamma power (116,118) — consistent with an increase in cortical excitability (119) and bottom-
up activity (120), respectively. Also consistent, fMRI studies report that SPs increase the
entropy of BOLD signal in the cortex (121,122) and diminish existing correlations within and
anticorrelations between resting state networks (117,123,124)—both strongly suggesting
increased noise in cortical activity. Even phenomenologically, SP-induced perceptual
abnormalities are in line with increased bottom-up noise (125), consisting primarily of
elementary features (eg. patterns, lattices, added motion, simple sounds) as compared to the
complex prior-driven hallucinations of psychosis such as figures and speech (126). Finally,



consistent with the notion that SPs increase bottom-up noise to push vulnerable individuals
towards psychosis, patients in early stages of schizophrenia experience worsened
symptoms/decompensation after SP administration (127). Compellingly, patients in later stages
of psychosis, when we argue compensatory prior hyper-precision has occurred, require higher
doses of SPs to achieve the same psychotomimetic effects (125).

Other hallucinatory syndromes

Not all hallucinations occur in the context of delusions. In our model, any factors that decrease
SNR-not just those that augment bottom-up noise—should increase risk for hallucinogenesis.
What's more, those that decrease SNR because of diminished signal should produce
hallucinations largely in the absence of delusional ideation. Across all sensory modalities, there
are hallucinatory syndromes that begin with disruption of modality-specific sensory signals and
result in modality-specific hallucinations that are canonically unaccompanied by delusions.

In one canonical example, Charles-Bonnet Syndrome (CBS) is characterized by complex and
recurrent visual hallucinations that occur in the absence of other neuropsychiatric symptoms
and are most often associated with vision loss (128). CBS has been attributed to diminished
sensory visual input, which increases excitability in visual association cortices (129).
Electrophysiological studies support this theory, showing increased occipital activity during
CBS-associated visual hallucinations, as well as strikingly elevated visual cortical responses to
peripheral field stimulation in patients with age-related macular degeneration compared with
patients without hallucinations and controls (130,131). While it is unclear whether this cortical
hyperexcitability contributes to CBS development or occurs as a consequence of it, it likely
decreases the SNR and induces a state of hyperprecise priors that could give rise to rich visual
hallucinatory experiences.

These phenomena are conserved across sensory modalities. Phantom limb syndrome is a
condition in which patients experience sensations in a limb that does not exist (132). It is most
frequently experienced after the physical loss of a limb and typically has a chronic course, often
resistant to treatment (133). Musical ear syndrome is an uncommon phenomenon described as
the perception of auditory musical sensations not corresponding to any external stimulus (134).
It occurs more frequently following hearing disruption/loss and is considered the auditory
equivalent of Charles-Bonnet Syndrome (135). Overall, there is evidence that deprivation of
structured sensory input across different modalities can induce hallucinatory experiences
(136,137). Importantly, although some of these syndromes have been shown to increase
excitability of modality-specific cortex, none of them are consistently paired with delusional
ideation, which is driven by supramodal ascending noise that drives new learning in our model.

Model Predictions

Pathophysiological models accounting for symptom emergence and dynamics posit strong
causal links between their elements. This means that they are falsifiable, generating specific
hypotheses about relationships between findings across levels of description. We provide a
selection of these hypotheses below.



There should be a temporal order to the computational abnormalities linked to psychosis.

Our model implies an order of events starting with molecular and algorithmic changes that
precede any symptom onset and culminating in psychosis onset (Fig. 1). We expect early
emergence of glutamatergic signaling abnormalities and increased bottom-up noise, both of
which should be detectable via electrophysiological measures and generative modeling. This
should predict the emergence of aberrant learning, which would then lead to the formation of
odd beliefs. Ascending noise should drive increased beliefs in the volatility of the environment
and subsequent paranoia emergence. On the molecular level, we would not expect
dopaminergic abnormalities to be present until the compensatory switch toward increased prior
precision, which should correspond to hallucination emergence and the increased delusional
conviction that is diagnostic of conversion to psychosis.

Delusion emergence should precede hallucination emergence in most with psychosis.

The order of events outlined above should make strong predictions not only about
computational measures but also about clinical observations. If hallucinogenesis and delusion
formation were independent processes, the temporal order of symptom onset would be
equivocal among patients who experience both symptoms. However, we (138) and others (139)
have recently shown that delusions tend to precede hallucinations in the natural history of
psychosis. Of note, these data also demonstrate that delusions re-emerge after hallucinations,
and that there may also be an inverse relationship between the severity of these symptoms as
they emerge, consistent with a compensatory account of hallucinogenesis.

Medications that decrease the ratio of precision of priors to precision of sensory evidence
should decrease hallucinations and delusional conviction but not alter bottom-up noise or
aberrant learning

Medications used to treat fully-formed delusions and hallucinations decrease the relative
precision of priors relative to that of incoming sensory information. Dopamine regulates a gain-
control mechanism leading to increased relative prior precision (40,56). Traditional
antipsychotics, which primarily act via D2 receptor blockade, thus decrease that precision. By
contrast, mounting evidence indicates that cholinergic tone increases the precision of incoming
sensory evidence (140,141). This helps explain why cholinesterase inhibitors, which increase
cholinergic tone, are highly effective in managing the visual hallucinations of dementia with
Lewy bodies (142). They also reduce the tendency of people with Lewy body disease to
perceive meaningful images in visual noise, as our model would predict (143). The first line of
antipsychotics not based in dopamine blockade has recently emerged and is based in
enhancing muscarinic (e.g., xanomeline and KarXT) and nicotinic signaling (e.g., encenicline)
(144-146). While both classes of medications should be effective in decreasing hallucination
severity and delusional intensity, we might predict them to be less immediately effective in
decreasing inappropriate learning via aberrant prediction error signaling driven by ascending
glutamatergic input.

Precision of incoming sensory evidence should be controlled via an independent mechanism
from precision of priors.

Because aberrant PE signaling and new belief formation appears to persist into established
psychosis, hyper-precise priors must only partially compensate for aberrant PE signaling. This



implies the existence of an initial, fixed deficit in the form of increased ascending noise as
outlined above, and a secondary compensatory change that varies over time and can be most
immediately linked to symptom expression (13). Although the temporal order of emergence is
our focus here, it is worth noting that the subsequent illness course is characterized by a shifting
dynamic balance between these two factors, despite what may be a state of equilibrium after
emergence of frank psychosis (138). This means that physiological changes that increase
cortical excitability (e.g., cannabis (see above), trauma exposure (147), or the hormonal shifts
attendant to menopause and the postpartum period (148)) may lead to a worsening of
hallucination severity via dynamic compensation. It also means that environmental factors and
therapeutic interventions that influence compensatory prior precision could alter severity most
immediately (149,150).

Conclusions

It is worth stating explicitly that the model we propose is not complete as outlined, nor is it
intended to be. Although we focus on a progression of illness that could explain the disease
progression of a substantive proportion of individuals with psychosis, we also recognize the high
value in finding the exceptions: knowledge of distinct pathophysiological trajectories is the start
of individualized treatment and prevention. In this spirit, we hope that the framework we propose
serves as an entry point for considering how information processing abnormalities underlying
psychotic symptoms might be linked across time to result in disease expression, regardless of
the individual routes taken toward illness.

Because our model includes causal relationships between factors that may be directly
observed, measured, or estimated using computational modeling, its main elements should be
falsifiable. Future work testing these relationships will be extremely valuable in refuting them or
elaborating a more nuanced model of psychosis evolution over time within a Bayesian
framework. Regardless of whether individual elements of our model survive the scrutiny of time,
we hope that these ideas will spur the field to regard a deeper understanding of psychotic
symptom development as a critical step in identifying the dynamic mechanisms ultimately giving
rise to disease. Recognizing the evolution of symptoms from unobserved states will allow the
extraordinary heterogeneity of psychosis to be parsed into pathophysiologically distinct
subgroups that may be intervened upon for personalized treatment and prevention.



Figure legend

Figure 1. A model of psychotic symptom development. We propose a model linking
molecular abnormalities to information processing abnormalities across levels of analysis and
describe how these elements might be causally linked. We begin with NMDA hypofunction,
which drives ascending noise, inappropriate learning via aberrant prediction error signaling, and
delusion formation. This ascending noise also decreases the signal-to-noise ratio (SNR) of
incoming evidence, which then leads to an adaptive down-weighting of that evidence relative to
prior beliefs, which become relatively hyper-precise. This compensatory shift then leads to
hallucinogenesis, crystallization of delusional beliefs, and frank psychosis onset.
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