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Abstract:

The computational mechanisms underlying psychiatric
disorders are hotly debated. One hypothesis, grounded
in the Bayesian predictive coding framework, proposes
that schizophrenia patients have abnormalities in
encoding prior beliefs about the environment, resulting
in abnormal sensory inference, which can explain core
aspects of the psychopathology, such as some of its
symptoms. Here, we tested this hypothesis by identifying
oscillatory traveling waves as neural signatures of
predictive coding. By analyzing a EEG dataset.
comprising 146 schizophrenia patients and 96 age-
matched healthy controls, we found that schizophrenia
patients have stronger top-down alpha-band traveling
waves compared to healthy controls during resting state,
reflecting stronger precise priors at higher levels of the
predictive processing hierarchy. Conversely, we found
stronger bottom-up alpha-band waves in schizophrenia
patients during a visual task reflecting an alteration of
lower sensory priors. Our results yield a novel spatial-
based characterization of oscillatory dynamics in
schizophrenia, considering brain rhythms as traveling
waves and providing a unique framework to study the
different components involved in a predictive coding
scheme. Altogether, our findings significantly advance
our understanding of the mechanisms involved in
fundamental pathophysiological aspects of
schizophrenia, promoting a more comprehensive and
hypothesis-driven approach to psychiatric disorders.
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Introduction

Schizophrenia is a severe mental disorder that affects
about one percent of the world's population?, and it is
characterized by a large range of psychotic symptoms
as well as by strong impairments in mental functioning,
including perception, cognition, and personality.
Numerous hypotheses and mechanisms have been
proposed to explain these abnormalities. One
hypothesis is that schizophrenia patients
dysfunctionally update their cognitive world model,
usually described within the framework of Bayesian
inference and predictive coding?3. According to this
framework, perception combines incoming sensory
evidence with prior information, i.e., beliefs about the
world (figure 1, left panel). However, experimental
evidence from behavioral studies is mixed, including
studies showing that patients rely more on prior beliefs
than on sensory information*®, studies that found
stronger reliance on sensory information in the
patients®?, and even studies that found intact
processing®-10,

Basic sensory impairments and hallucinations may
however rely on abnormalities at different levels of
predictive processing. Hence, it has been proposed that
schizophrenia patients weigh the prior information more
strongly in hierarchically higher regions, but rely more
on sensory information in lower hierarchical areas?12,

These hierarchical-specific alterations in the priors
would explain both impairments in basic sensory
processing and more complex phenomena such as
hallucinations or delusions 313, and may explain the
mixed experimental results.

Here, we tested the hypothesis that there are
hierarchical-specific alterations in predictive processing
from a neurophysiological perspective. Recent work
showed that oscillatory alpha-band (8-12Hz) traveling
waves are neural signatures of predictive coding4-2. In
these studies!*?2, neural activity was measured along
the central midline of electrodes (Oz-Fz) to determine
how oscillations propagate as traveling waves from
occipital to frontal areas (forward waves) or in the
opposite direction (backward waves). Based on a
model, implementing predictive coding under minimal
assumptions!4, the authors proposed that forward
traveling waves encode sensory information and
prediction-errors (i.e., the difference between top-down
predictions and the actual activity), while backward
waves carry the prior information 23.
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Figure 1- In the Bayesian predictive coding perspective,
predictions are generated by prior distributions in higher brain
regions, prediction-errors are computed to update the prior
based on the sensory evidence (i.e., the likelihood). Recently,
it was proposed that hierarchical-specific abnormalities of the
priors’ precision in schizophrenia, have better precision in
higher areas and worse precision in lower, sensory-related
areas!!. Considering backward (BW) and forward (FW) waves
as proxies of predictions and prediction-errors!4, one would
expect different patterns of traveling waves depending on the
precision of the prior: more precise prior (rightmost panel)
generate stronger predictions, and in turn stronger backward
waves, whereas less precise prior information (leftmost
pattern) generates inaccurate predictions, hence higher
prediction-errors, reflected by stronger forward waves.

Here, we used the same analysis to test whether
patients rely more on prior beliefs than sensory
evidence during eyes-closed, resting-state EEG and a
visual backward masking task. Following the Bayesian
framework, we expect stronger alpha-band backward
waves during resting state in schizophrenia patients
than in healthy controls due to more precise high-order
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priors; on the other hand, we expect stronger forward
alpha-band waves during a visual task, reflecting an
increase in the weighting of the sensory information.
(figure 1). We analyzed a large EEG dataset comprising
146 schizophrenia patients and 96 age-matched
healthy controls to test these predictions.

Results

We re-analyzed EEG data from previous studies with
eye-closed resting state data?425 and a visual backward
masking task2%27, In both dataset, we quantified brain
oscillations along the central electrodes' mid-line (from
Oz to Fz, figure 1), as in our previous work#422, We
considered sliding time windows of 1 and 0.5 seconds
from two different datasets, one eyes-closed resting
state and one visual backward masking (VBM) task.
The waves' amount is expressed as a log-ratio in
decibels [dB] between the data and a baseline
accounting for fluctuations in the overall power
unrelated to the traveling waves (i.e., without the spatial
information of the electrodes). See 28 for more details.

Traveling waves during rest. In the resting state
dataset, we analyzed FW and BW waves via a two-
factor ANCOVAs, considering GROUP (control and
patients) and BAND (6, a, low and high 3, and y) as
factors and GENDER, AGE, and EDUCATION as
covariates. As showns in figure 2, we found a strong
effect for the BAND factor (BF10>>10%! for both FW and
BW waves) but mild to no effect in the GROUP factor
(BW waves, BF10=7.519; FW waves, BF10=0.514) for
both FW and BW waves; however, in both directions,
we found a very robust GROUP x BAND interaction (for
both  FW and BW waves BF10>>400), revealing
significant differences between the two groups. We
then focused specifically on the alpha-band by
performing Bayesian ANOVAs considering as factors
GROUP and DIRECTION (either forward or backward).
Importantly, the results show a strong interaction
between GROUP and DIRECTION (BF10>>500), which,
in line with our hypothesis, reveals distinct oscillatory
dynamics between the patient and the control group.
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Figure 2 - Mean and standard errors for each frequency band
in both dataset for forward (blue) and backward waves. The
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rightmost panel represents alpha-band waves over time, with
stimulus onset at Oms

Traveling waves for backward masking. According
to the proposed Bayesian framework, schizophrenia
patients have less precise priors at hierarchically lower
sensory areas, thus weighing more sensory information
than healthy controls!?12, Accordingly, we expect an
increase in alpha-band forward waves in patients
following visual stimulation, in line with the hypothesis
that alpha-band forward waves reflect precision-
weighted sensory information82°, To test this
hypothesis, we analyze a visual task (the Visual
Backward Masking (VBM) dataset, in which a mask
follows a briefly presented target). Specifically, we
analyzed the changes in FW and BW waves with
respect to the onset of the stimulus in each frequency
band (i.e., applying a baseline correction computed on
the 200ms before stimulus onset, figure 2 right panel).
Considering specifically alpha-band waves, our results
reveal a difference between GROUP in the forward
waves (a, BF10=21.52): patients reveal an increase in
alpha-band FW after stimulus onset. Not surprisingly, in
both FW and BW waves we found an effect of the TIME
factor (FW, BF10=8.12, BW, BF10>10%), and an
interaction between GROUP and TIME in FW (BF10>5)
but not in BW waves (BF10=0.015). All in all, these
results confirm the hypothesis that the patient group
show higher FW waves specifically in the alpha-band
range, in line with the hypothesis that they rely more on
precision-weighted sensory information.

Conclusion

Analyzing EEG recordings in schizophrenia patients
and healthy controls?*-?7, we found evidence for a
dysfunctional updating of beliefs about the world in
schizophrenia patients®°. Previous studies have shown
indirect evidence in favor of this interpretation31-33, In
our study, we quantified oscillatory traveling waves,
which reflect the flow of information in predictive
processes#20,  Unlike previous work, our analysis
allowed us to disentangle the different actors involved
in the predictive coding process, focusing on their
propagation direction. Our results reveal a substantial
increase in top-down and a decrease in bottom-up
alpha-band traveling waves in schizophrenia patients
compared to healthy participants during resting state,
and the opposite pattern of results in a visual task,
demonstrating that schizophrenia patients have more
precise priors (i.e., smaller variability) than healthy
participants at hierarchically higher prior but less
precise priors in lower sensory areas®*%34, Importantly,
these findings describe not only the temporal but also
the spatial component of brain rhythms, supporting the
key idea that oscillations are best understood when
interpreted as traveling waves propagating across
cortical regions, coordinating and synchronizing
different brain regions353,
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