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Background and Hypothesis: Prior research has shown
that patients with schizophrenia (SZ) show disruption in
brain network connectivity that is thought to underlie their
cognitive and psychotic symptoms. However, most studies
examining functional network disruption in schizophrenia
have focused on the temporally correlated coupling of the
strength of network connections. Here, we move beyond
correlative metrics to assay causal computations of connec-
tivity changes in directed neural information flow, assayed
from a neural source to a target in SZ. Study Design: This
study describes a whole-brain magnetoencephalography-
imaging approach to examine causal computations of
connectivity changes in directed neural information flow
between brain regions during resting states, quantified
by phase-transfer entropy (PTE) metrics, assayed from
a neural source to an endpoint, in 21 SZ compared with
21 healthy controls (HC), and associations with cognitive
and clinical psychotic symptoms in SZ. Study Results: We
found that SZ showed significant disruption in information
flow in alpha (8-12 Hz) and beta (12-30 Hz) frequencies,
compared to HC. Reduced information flow in alpha fre-
quencies from the precuneus to the medio-ventral occipital
cortex was associated with more severe clinical psychopa-
thology (ie, positive psychotic symptoms), while reduced
information flow between insula and middle temporal
gyrus was associated with worsening cognitive symptoms.
Conclusions: The present findings highlight the impor-
tance of delineating dysfunction in neural information
flow in specific oscillatory frequencies between distinct re-
gions that underlie the cognitive and psychotic symptoms
in SZ, and provide potential neural biomarkers that could
lead to innovations in future neuromodulation treatment
development.
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Introduction

Schizophrenia is a debilitating psychiatric disorder in
which patients suffer from severe cognitive and psy-
chotic symptoms, thought to result from functional
dysconnectivity (ie, disrupted temporally correlated
neural oscillatory frequency patterns)."> However, the
neural underpinnings of the causes and directionality of
this functional dysconnectivity remain unknown. Current
medications are inadequate with up to 40% of patients
with schizophrenia (SZ) remaining symptomatic,® thus
compelling the need to understand the neurobiology un-
derlying cognitive and psychotic symptoms in SZ. One of
the most consistent well-replicated findings in the litera-
ture suggests that psychosis arises from aberrant salience
processing that results from functional dysconnectivity
between cortical regions in which SZ attribute reduced
salience to relevant stimuli and increased salience to irrel-
evant stimuli.'* Such aberrant salience processing induces
a pathological heightened significance of commonplace
incidences, leading to cognitive distortions and positive
psychotic symptoms of hallucinations and delusions in
SzZ.14

In the present study, we capitalize on the high spati-
otemporal resolution of magnetoencephalography im-
aging (MEG) to record spontaneous neuronal activity
during rest in SZ and healthy control participants (HC).
In our prior studies, we have examined temporal correl-
ations in resting-state neural oscillations which are quan-
tified by the imaginary coherence between a voxel and
the rest of the brain.>® Here, the goal is to move beyond
correlative paradigms to causal approaches in schizo-
phrenia research to identify novel biomarkers for future
treatment development. Specifically, here we implement
innovative phase-transfer entropy (PTE) metrics, which
enable causal computations of connectivity changes in
directed neural information flow between brain regions,
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assayed from a neural source to an endpoint in SZ.%*
This is achieved by quantifying how much information in
the future of a region-of-interest (ROI) target is predict-
able when knowing the past state of the neural source.
We hypothesized that SZ will manifest frequency-specific
deficits in measures of neural information flow compared
with HC, and that these underlying neural deficits would
be linked to the cognitive and psychotic symptoms in SZ.

We examined changes in directed neural informa-
tion flow at rest across all frequency bands (delta/theta
[2-8 Hz], alpha [8-12 Hz], beta [12-30 Hz], and gamma
[30-50 Hz] bands), with focus on alpha and beta band
frequencies, in clinically stable SZ and HC, using func-
tional connectivity MEG PTE metrics. Alpha and beta
oscillations play a critical role in long-range integrative
connectivity processes, making them an ideal candi-
date for examining changes in directional information
flow between distant cortical regions.'** Alpha band
oscillations represent an idling rhythm that are domi-
nant during rest across both MEG and electroenceph-
alogram (EEG) recordings,!® and functionally overlap
with resting-state networks found in functional magnetic
resonance imaging (fMRI) studies.!"'> We have previ-
ously shown that SZ manifests disrupted spontaneous
alpha oscillations during rest (8-12 Hz) that correlated
with worsening psychotic symptoms.?> Given that alpha
rhythms are the dominant rhythm during rest that show
disruption in SZ, in which alpha decoupling in SZ correl-
ated with worsening psychopathology,” here we predicted
to find disruptions in the alpha band in SZ, compared to
HC. Beta oscillatory frequencies are also considered to
be critical for mediating cognitive salience to relevant
information, with the insula representing a key node of
the salience network whose functioning is disrupted in
SZ.'13 Disruption in beta oscillatory frequencies have
previously been shown during a MEG salience detection
task that was specifically designed for HC and SZ par-
ticipants to distinguish relevant stimuli from irrelevant
stimuli in order to delineate the neural mechanisms un-
derlying salience detection in HC and SZ.! The authors
found that while HC showed increased beta oscillatory
synchrony in response to salient relevant stimuli com-
pared to irrelevant stimuli, SZ showed reductions in beta
synchrony to relevant stimuli which impeded their ability
to perform salience detection tasks.! These prior findings
suggest that disruptions in alpha and beta oscillations
in SZ underlie aberrant salience detection and cognitive
symptoms in SZ, leading to perceptual distortions and
psychotic symptoms.'-

In the present study, we move beyond correlative met-
rics to evaluate whether causal computations of im-
paired directed neural information flow in alpha and beta
band frequencies at rest are linked to impaired cognition
and psychopathology in SZ. We hypothesized that dis-
rupted information flow in alpha and beta band frequen-
cies would be observed in SZ compared to HC, and this
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impaired neural information flow would induce cognitive
and psychotic symptoms in SZ.

Methods

Participants and Procedures

This study embodies the baseline MEG portion of a
NIMH-funded RO1 (ROIMHI122897) study in schizo-
phrenia. Twenty-one volunteer chronically ill SZ out-
patients and 21 HC participants, matched at a group level
on age and gender, participated in this MEG study at the
University of California San Francisco (UCSF) (see table
1). Inclusion criteria were Axis I diagnosis of schizo-
phrenia (determined by the Structured Clinical Interview
for DSM-IV [SCID))"* or, for HC subjects, no Axis I or
Axis II psychiatric disorder (SCID—Nonpatient edi-
tion), no substance dependence or current substance
abuse, good general physical health, age between 18 and
60 years, and English as the first language. All subjects
gave written informed consent for this protocol approved
by the Committee on Human Research at UCSF, and
then underwent a series of baseline behavioral assess-
ments and imaging.

Clinical and Neurocognitive Assessments

SZ subjects received clinical and cognitive assessments 1
day prior to MEG imaging. Clinical symptoms were as-
sessed with the Positive and Negative Syndrome Scale,'
which rates each symptom on a scale of 1 (absent)
to 7 (extreme). All clinical and cognitive assessments
were performed by 2 trained clinical licensed psycholo-
gists with interrater reliabilities greater than 0.90 for
the Positive and Negative Syndrome Scale (PANSS).
Cognition was assessed with the MATRICS Consensus
Cognitive Battery (MCCB)!® which included assessments
of processing speed (assayed with the Trail Making Test)
and executive functioning (assayed with NAB Mazes)
(see table 2). The Trail Making Test examines processing
speed in which participants draw a line as fast as possible
to connect consecutively numbered circles placed irreg-
ularly. The NAB Mazes consist of mazes of increasing
difficulty, which examine executive functioning abilities.
Participants must complete each maze as quickly as

Table 1. Demographics (Mean, SD) of Healthy Comparison
(HC) and Schizophrenia Subjects (SZ)

HC Sz
(N=21) (N=21) P value
Age 42 (11.6) 45(8.5) 0.3
Gender 15M, 6F 16M, 5F 0.7
Illness duration (y) N/A 23 (13.6) N/A

Chlorpromazine (CPZ) equivalents N/A 297 (148) N/A
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Table 2. Cognitive and Clinical Symptoms (Mean, SD) in
Schizophrenia Subjects (SZ)

Cognitive and Clinical Symptom Scores SZ (N =21)
MATRICS speed of processing 38.9 (12.5)
MATRICS executive functioning 42.0 (14.4)
PANSS positive symptoms 2.55(1.2)
PANSS negative symptoms 2.39(0.74)

possible, while following maze-completion rules (ie, no
crossing solid boundary lines, and making a continuous
line without picking up the pen from the page). Both
processing speed and executive functioning tests entail
salience detection—necessitating participants to filter
out irrelevant information and select salient relevant in-
formation. In the present study, SZ performance on these
tasks was comparable to prior reports.!’

Data Acquisition

Each participant underwent 4 min of continuous
resting-state recording inside a magnetically shielded
room with a 275-channel whole-head MEG system
(MEG International Services Ltd., Coquitlam, British
Columbia, and Canada) consisting of 275 axial gradiom-
eters. This study protocol required participants to be in
a supine position with eyes closed (sampling rate = 1.2
KHz). Subjects were instructed immediately prior to the
scan to close their eyes but to stay awake throughout the
4 minute resting-state scan. All subjects confirmed after
the resting-state scan that they stayed awake throughout
the resting-state scans.

To provide anatomical head models for MEG analysis,
a high-resolution 3D T1-weighted whole-brain magnetic
resonance imaging (MRI) was acquired for each subject
using a 3T Siemens scanner. For each subject, the outline
of the brain on the structural scans was extracted, and
the segmented brain was treated as a volume conductor
model for the source reconstruction described below.
Three fiducial coils (nasion, left, and right preauricular
points) were placed to localize the position of the head
relative to the MEG sensor array. Coregistration of the
MEG data with each individual’s structural MRI was
performed based on 3 fiducial coil positions (nasion and
left and right preauricular).

Data Preprocessing

The first step in data preprocessing was to down-sample
all the raw data to 600 Hz, and remove cardiac, muscle,
and eye-twitch artifacts using independent component
analysis.!® For each subject, a consecutive 4-min signal
was digitally filtered using a bandpass filter of 0.7-150
Hz. Noisy epochs which contained artifacts due to head
motion were removed based on a visual inspection of
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the data. In addition, dual signal subspace projection
(DSSP)Y was applied to the filtered sensor signal to re-
move environmental noise using lead field vectors com-
puted with an individual head model. Finally, we applied
Zapline noise filtering techniques to remove power line
noise between 60 Hz and 120 Hz.*

Source Reconstruction

For source reconstruction, isotropic voxels (6.5 mm) were
generated from a template MR, resulting in 7560 voxels.
The generated voxels were then warped to an individual
head model. For each voxel, individual magnetic lead
field vectors were calculated as a forward model using a
single-shell model approximation.?! The voxels for each
participant were then indexed to the Brainnetome atlas.*
The Brainnetome atlas contains 48 modules (which are
further subdivided into 246 smaller brain regions). In our
analyses, we focused on the 48 modules for which MEG
source reconstructions are considered to work well.

To obtain source-localized activity for all the brain
modules, an array-gain scalar beamforming approach®
was applied to the 240-sec resting-state sensor time series.
Beamformer weights were computed in the time domain,
and the data covariance matrix for beamforming were
calculated using the whole 240-sec sensor time series.
The applied beamforming provided voxel-level source
time courses on the 6.5-mm volumetric grids in the brain.
For each of the 48 brain modules from the Brainnetome
atlas, the representative source time course was extracted
by applying principal component analysis (PCA) to the
voxel time courses within each module and taking its first
principal component. Before the connectivity metrics
were calculated, the 48 representative source time courses
were filtered into different frequency bands: delta/theta
(2-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma
(30-50 Hz) bands. Computations of source reconstruc-
tion and connectivity metrics described in this section
were performed using MATLAB.

Phase-Transfer Entropy

Transfer entropy (TE) is a specific version of entropy or
conditional mutual information, and represents informa-
tion flow from source signal X to a target signal Y. PTE
is used to evaluate pairwise directional interactions be-
tween ROI time courses and represents information flow
between the ROIs based on the phase time series.’**
PTE is thus an extension of TE? based on phase in-
formation. For PTE computations, the phase time series
are used as source signals to estimate pairwise direc-
tional interactions. PTE was first introduced by Palus
and Stefanovska,? and then systematically evaluated by
Lobier et al.** For PTE computations between all ROIs,
the source signal X denotes the phase time series of one
ROI sending phase information, and the target signal Y



denotes the phase time series of another ROI receiving
phase information (see Supplementary Methods for com-
plete details).

PTE for all pairwise cortical ROIs can be expressed
in the form of a matrix. Since there are 48 regional
Brainnetome ROIs, the dimension of the obtained PTE
matrix is 48 X 47. The regional PTEs (vectors of regional
measures) can be obtained by averaging across the com-
ponents of the PTE matrix along the target (y) array
dimension and the source (x) array dimension. PTE_
results from averaging along the target array and indi-
cates the regional information outflow at a source brain
region; while PTE, results from averaging along the
source array and indicates the regional information in-
flow at a target brain region. In other words, regional
PTE corresponds to node strength, as depicted in graph
theory.?’

To evaluate deviations in directional information flow
in SZ patients, we computed Z-scores for every patient
relative to the mean and standard deviation of the HC
group. A negative z-score indicates a decrease in PTE,
while a positive z-score indicates an increase in PTE. To
evaluate PTE metrics in each group, we used 1-sample
I-tests to compute regional z,_and the obtained P values
were corrected for multiple comparisons (FDR P <.05).
To compare PTE metrics between SZ and HC groups,
2-sample t-tests were performed. Statistical significance
was determined after multiple comparison FDR cor-
rections (FDR P < .05). Regression coefficients were

Alpha Band
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obtained to show the strength of associations between
directed neural information flow (regional z,) with cog-
nition and clinical symptom scores, with significant as-
sociations at P < .05. The BrainNet Viewer toolbox?
was used to depict directional information flow in the
brain.?®

Results

We found that SZ showed significant differences in the
magnitude of directed information flow in both alpha
(8-12 Hz) and beta bands (12-30 Hz) compared to the
HC group, which were significant at strict FDR-corrected
thresholds (P < .05) (see figures 1 and 2). Information flow
showed regional diversity in the strength of outflow and
inflow. For example, HC showed both high information
outflow and inflow in the beta band (ie, about 0.03) be-
tween the right middle temporal gyrus (R.MTG) and the
right insula (R. Ins). Both high information inflow and
outflow between R.MTG and R.Insula were quantitatively
greater in HC compared to SZ (figure 2B). By contrast,
SZ showed regional diversity in the alpha band, with sig-
nificantly greater information outflow from the precuneus
(Pcun) to the medial ventral occipital cortex (MVOcc)
(figure 2A). We did not find significant group differences
in either delta/theta or gamma bands that survived FDR-
corrected thresholds. Together, these findings indicate that
regional information outflow and inflow are significantly
altered in SZ, and that these changes are localized in

z-score HC vs SZ

@ @@ (Y- % 2
- QLB 8B s

Y Y YY V-8 %

Fig. 1. Information flow in alpha and beta bands based on phase-transfer entropy (PTE). Regional information inflow and outflow
patterns for HC (A, E) and SZ (B, F) are shown for alpha and beta frequency bands. For visualization, 1000Xregional PTE values are
displayed. Regional information inflow and outflow patterns in Schizophrenia (SZ) compared with HC are shown in (C and G) based on
z-scores for every patient relative to the mean and standard deviation of the healthy control (HC) group. (D and H) show results from the
two sample (#-test) with information flow that survived FDR correction (P < .05).

Beta Band
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Fig. 2. Information flow connectogram in Schizophrenia (SZ) compared to healthy comparison (HC) depicting only information flow
that survived FDR correction (P < .05) for alpha (A) and beta (B) bands.

specific regions across distinct frequency bands observed
most prominently in alpha and beta bands.

Next, we examined the association between informa-
tion flow metrics with cognition and clinical symptoms in
SZ. We found that in the alpha band, reduced informa-
tion flow from the precuneus to the medial ventral occip-
ital cortex was associated with higher positive psychotic
symptoms (ie, more severe hallucinations and delusions)
in SZ (figure 3). In the beta band, both reduced informa-
tion inflow and outflow between R.MTG and R.Insula
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were associated with greater impairments in processing
speed and executive functioning in SZ (figure 4). We did
not find any associations between information flow met-
rics with age, gender, illness duration, or antipsychotic
medication (all P’s > .05).

Discussion

We present here, for the first time, direct evidence for func-
tional disconnection in directional neural information
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Fig. 3. Significant regression associations between information
flow phase-transfer entropy (PTE) in alpha band and positive
symptom severity are illustrated in Schizophrenia (SZ). Reduced
information flow from the right precuneus to the right medial
ventral occipital cortex was associated with more severe (ie,
higher) positive psychotic symptoms.

flow between specific regions in SZ, as demonstrated
through disrupted alpha and beta oscillations that were
associated with worsening psychotic and cognitive symp-
toms, respectively. Reduced neural information flow
observed in the alpha band from the precuneus to the
medial ventral occipital cortex (MVOcc) was associated
with more severe positive psychotic symptoms in SZ.
Prior studies have shown that the precuneus represents a
critical node in the default mode network and mediates
spontancous internal self-related representations and
imagery during rest in HC,?*3° while SZ show disrupted
functional connectivity in the precuneus during rest.’!
We also found that both reduced information inflow and
outflow between R.MTG and R.Insula were associated
with greater impairments in processing speed and exec-
utive functioning. We did not find any associations be-
tween information flow metrics with age, gender, illness
duration, or antipsychotic medication. These findings
suggest that disrupted information flow in alpha and
beta bands between these key regions reflects potential
neural biomarkers that underlie the cognitive and psy-
chotic symptoms in SZ, and may provide useful treat-
ment targets through behavioral and neuromodulation
interventions, such as transcranial magnetic stimulation
therapies.

In the group comparison, of all the regions throughout
the brain, SZ compared to HC, showed significant dif-
ferences in spontaneous information flow to the MVOcc
from the precuneus in alpha band frequencies, which
survived multiple comparison FDR-corrected statistical
thresholds. Furthermore, this reduced information flow
to the MVOcc from the precuneus was associated with

Abnormal Information Flow in Schizophrenia

more severe positive psychotic symptoms. These find-
ings are consistent with our prior research, in which we
have previously found that SZ showed aberrant MVOcc
signaling during auditory tasks (also referred to as the
ventral visual fusiform area), which was shown to covary
with the severity of hallucinations, which was not ob-
served in the HC group.®> These convergent findings be-
tween the present findings and our prior work suggest
that the MVOcc may play a compensatory role during
internal resting states and during auditory processing in
SZ, and suggests that information flow to the MVOcc
may be fundamental for discerning and filtering out ir-
relevant from relevant stimuli in SZ. In this capacity, re-
duced information flow in alpha oscillations to MVOcc
may reflect underlying neural impairments in filtering out
irrelevant from relevant auditory stimuli, and lead to hal-
lucinations in which SZ appear to hear auditory stimuli
(eg, voices) when there are no auditory-relevant stimuli.
These findings also provide an underlying neural frame-
work that supports Kapur’s (2003) theory that psychosis
arises from aberrant salience processing, in which SZ at-
tribute reduced salience for relevant stimuli and increased
salience for irrelevant stimuli, leading to positive psy-
chotic symptoms of hallucinations and delusions.* The
present application of PTE metrics to resting-state data
enables causal computations of connectivity changes in
directed neural information flow, allowing the extension
of functional imaging research beyond correlative data
that allow us to draw causal inferences that reduced in-
formation flow from the precuneus to the MVOcc repre-
sents one underlying neural mechanism that gives rise to
psychotic symptoms.

Beta oscillatory frequencies are also considered to be
fundamental for mediating cognitive salience to rele-
vant information.! Palaniyappan and Liddle* extended
Kapur’s theory of abnormal salience in SZ to explain
not just patients’ positive psychotic symptoms but also
to delineate the underlying cognitive symptoms in SZ,
with their hypothesis involving the insula as a key node
of the salience network whose functioning is disrupted
in SZ. In particular, Liddle et al' implemented a sali-
ence detection MEG task specifically designed for HC
and SZ participants to distinguish relevant stimuli from
irrelevant stimuli in order to delineate the neural mech-
anisms underlying salience detection in HC and SZ.
They found that HC showed increased beta oscillatory
activity in the insula for relevant compared to irrelevant
stimuli, while SZ showed the opposite pattern, with pa-
tients manifesting significantly greater beta oscillatory
activity for irrelevant stimuli in the insula.! Furthermore,
convergent evidence across fMRI, EEG, and MEG have
all demonstrated that the insula is a critical node in the
salience network, >33 with beta band oscillatory activity
in the insula and surrounding temporal regions being
fundamental for salience detection.'* Consistent with
these prior findings, in the present study, we found that
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Fig. 4. Significant regression associations between information flow phase-transfer entropy (PTE) in beta band and cognition are
illustrated in Schizophrenia (SZ). Reduced information inflow and outflow between the right middle temporal gyrus and right insula were
associated with greater impairments in speed of processing and executive functioning.

of all the regions throughout the brain, SZ compared to
HC, showed significant reductions in information inflow
and outflow in beta oscillatory frequencies between the
insula and MTG, thought to impair their ability to re-
liably differentiate relevant from irrelevant information.
Additionally, our data indicate that reduced information
inflow and outflow between the insula and MTG were
associated with worse processing speed and executive
functioning abilities. Executive functioning is a multifac-
eted concept, and tests the ability for participants to de-
tect competing responses, and switch attention to select
salient relevant information and filter our irrelevant in-
formation. The NAB Mazes Test is not intended to disen-
tangle these components of executive functioning, as it is
used to assay participants’ overall executive functioning
abilities. The Trail Making Test is a timed test that exam-
ines processing speed. The fundamental requirement of
both processing speed and executive functioning tasks
entails salience detection—necessitating participants to
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filter out irrelevant information and select salient rele-
vant information.”-*® Taken together, the present findings
indicate that information flow in both alpha and beta fre-
quencies between distinct neural regions are disrupted in
SZ, and may provide neural biomarkers for predicting
distinct phenotypic cognitive and psychotic symptoms.

Limitations and Future Research

We note that the HC group did not complete cognitive
testing. As such, we were only able to examine associations
between PTE metrics with cognition in the SZ group. We
also note that the brain-behavior regressions were only
explored within brain regions that showed group differ-
ences between the cohorts and survived stringent FDR
multiple comparison corrections across 48 X 47 ROI
pairs (2256 pairs) for each frequency band. We only
found group differences in alpha band (from precuneus
to MVOcc) and in beta band (between insula and MTG).



Associations in these two regions that were tested with
PANSS subscales (positive and negative symptoms) and
cognition (processing speed and executive function) were
not corrected for multiple comparisons. Larger sample
sizes would be needed to replicate the present findings in
future studies with regression associations corrected for
multiple comparisons. Finally, we note that the present
findings are only applicable to medicated chronically ill
SZ, and thus, we do not know whether the present find-
ings would extend to ultrahigh risk or recent onset SZ or
unmedicated patients.

Our PTE analyses are also only applicable to resting-
state data (rather than task-evoked data), enabling suf-
ficient time-points for capitalizing on the millisecond
precise temporal resolution and superior spatial resolu-
tion of MEG compared with EEG, that is required for
investigating the abnormalities in spontaneous informa-
tion flow in SZ compared to HC.¥% Additionally, PTE
estimates of information computation can reveal hidden
dynamic interactions in resting states, which cannot be
observed in task-based analyses.* We found significant
disruptions in information flow in alpha and beta bands
in SZ that were associated with worse psychotic and cog-
nitive symptoms, respectively. The present findings are
consistent with prior findings that identify the MVOcc as
a region that is disrupted in SZ, whose aberrant signaling
covaried with hallucination severity,> and the insula as
a critical node in salience detection, which is disrupted
both anatomically and functionally in SZ,"* impacting
the ability for SZ to filter out irrelevant information and
select salient relevant information, leading to cognitive
distortions and psychotic symptoms."* Future research
using MEG task-evoked signals (eg, salience detection
tasks) is required to replicate and extend the present find-
ings to delineate precisely how disrupted information
flow during rest relates to task-evoked salience detection
and psychotic symptoms in SZ.

Summary

Although previous MEG studies have shown disruptions
in alpha and beta bands in SZ, this is the first study to
show a causal dissociation in functional disconnection
in directional information flow in distinct alpha and beta
frequencies bands between distinct regions that were as-
sociated with either cognitive or psychotic symptoms.
In particular, reduced information flow in alpha oscil-
latory frequencies to MVOcc from the precuneus was
associated with more severe psychotic symptoms while
reduced information inflow and outflow in beta oscil-
latory frequencies between the insula and MTG was
associated with worse cognitive symptoms. Alpha oscil-
lations constitute a stable idling rhythm during rest,” and
represent long-range functional cortico-cortical integra-
tion* which we show here, when disrupted contributes
to manifestations of clinical psychotic symptoms in SZ.

Abnormal Information Flow in Schizophrenia

Disruptions in neural information flow in beta band os-
cillatory frequencies, on the other hand, appears to signal
a faulty cognitive salience network' in SZ that impaired
participants’ processing speed and executive abilities to
recognize and select environmental stimuli that are rele-
vant. The present findings delineate disruptions in neural
information flow in specific alpha and beta oscillatory
frequencies between distinct regions that underlie the
psychotic and cognitive symptoms in SZ, and provide
potential novel neural biomarkers that could lead to in-
novations in future neuromodulation target treatment
development. The present findings, if replicated using a
larger sample size in future studies, also provide a prom-
i1sing neurobiological basis for precision medicine inter-
ventions, which reveal for the first time that we can use
MEG PTE techniques to predict which individuals will
likely manifest cognitive or psychotic symptoms in schiz-
ophrenia. In conclusion, given that the MEG resting-
state scans are quick (4 min duration) and noninvasive
and given that our pipelines for MEG source localization
and TE analyses are automated, if the present results are
replicated using a larger sample size in future studies, it
is our hope that these results would provide a potential
first step to individualizing new neuromodulation treat-
ments for SZ for implementation and transition to the
clinic based on spontaneous neural information flow
during MEG resting states that are applicable to medi-
cated chronically ill SZ.

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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