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Objective: Conceptualizations of delusion formation impli-
cate deficits in feedforward information updating across the
posterior to prefrontal cortices, resulting in dysfunctional
integration of new information about contexts in working
memory and, ultimately, failure to update overfamiliar prior
beliefs. The authors used functional MRI and machine
learning models to address individual variability in feed-
forward parietal-prefrontal information updating in pa-
tients with schizophrenia. They examined relationships
between feedforward connectivity, and delusional think-
ing and polygenic risk for schizophrenia.

Methods: The authors studied 66 schizophrenia patients and
143 healthy control subjects during performance of context
updating in working memory. Dynamic causal models of
effective connectivity were focused on regions of the pre-
frontal and parietal cortex potentially implicated in delusion
processes. The effect of polygenic risk for schizophrenia on
connectivitywasexamined inhealthy individuals. Theauthors
then leveraged support vector regression models to define
optimal normalized target connectivity tailored for each
patient and tested the extent to which deviation from this

target could predict individual variation in severity of
delusions.

Results: In schizophrenia patients, updating and manipu-
lating context information was disproportionately less ac-
curate than was working memory maintenance, with an
interaction of task accuracy by diagnosis. Patients with
delusions also tended to have relatively reduced parietal-
prefrontal feedforward effective connectivity during con-
text updating in working memory manipulation. The same
connectivity was adversely influenced by polygenic risk for
schizophrenia in healthy subjects. Individual patients’ de-
viation from predicted “normal” feedforward connectivity
based on the support vector regression models correlated
with severity of delusions.

Conclusions: These computationally derived observations
support a role for feedforward parietal-prefrontal information
processing deficits in delusional psychopathology and in ge-
netic risk for schizophrenia.

AmJPsychiatry2020;177:1151–1158;doi: 10.1176/appi.ajp.2020.19111176

Delusions occur across a range of psychotic disorders and
are characterized by distressing false beliefs that pre-
occupy, are held with conviction, and disrupt lives. De-
lusions have a complex phenomenology, and theories of
causative andmaintenance factors arepossibly just as complex
(1–5). Recent conceptualizations of the cognitive architecture
of delusions have modeled how aberrant beliefs are over-
learnedandbecomeimmutable(1, 6–8). Ithasbeenarguedthat
the preoccupation and conviction with which beliefs are held
may stem from cognitive biases against incorporating into
one’s beliefs evidence to the contrary (2, 4). These erroneous
beliefs are potentially further augmented throughexaggerated
subcortical dopaminergic reinforcement (9, 10). Consistent
with this formulation, related hallucinatory phenomena in

at-risk mental states were recently observed to result from
biasing prior expectations over incoming (contrary) sensory
evidence (11). At the level of brain function, these computa-
tional biases appear to result from deficits in feedforward
information updating, which have also been found in sub-
clinical psychotic experiences (11). More specific to the ab-
stract information processing in delusional beliefs, we
previously found that deficits in new information updating in
favor of prior beliefs was also associated with reduced feed-
forward effective connectivity across posterior to prefrontal
cortices (1). These changes were unlikely to be epiphe-
nomena of treatment, because analogous information pro-
cessing changes also were observed in unaffected siblings of
patients with schizophrenia (1).
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Our goal in this study was to extend recent observations
linking delusional psychopathology, genetic risk for schizo-
phrenia, and deficits in feedforward parietal-to-prefrontal
connectivity during updating of new context information (1).
Recentmodels of delusional andperceptual psychopathology
suggest deficits in feedforward cortical integration of new
information into beliefmodels, leading to dysfunctional strong
prior assumptions and consequent belief and perceptual dis-
turbances (1, 12, 13).Wehypothesized that these effectswould
also be reflected in updating and manipulating context in-
formation in working memory. Cortical integration of new
information intobeliefsoccursalongahierarchyofoverlapping
processes, including executive aspects of working memory,
Bayesian learning and reasoning, and episodic memory (14,
15). We reasoned that because executive aspects of working
memory form the base of these hierarchical processes and
involve updating prior information with new content, they
should be critically engaged in the updating of new in-
formation into belief models that are putatively dysfunc-
tional in delusions, and should also be associated with the
underlying genetic mechanisms of schizophrenia (1, 12, 13).
This formulation is supported by the observed relationships
between tasks that involve updating new information in
contextualworkingmemory and the Bayesian integration of
this new information in working memory, upon which hi-
erarchically more complex belief processing subsequently
occurs (1, 14, 15). Recent work has also underscored rela-
tionships between deficits in updating or manipulating in-
formation in contextual working memory, feedforward
parietal-prefrontal connectivity, and delusions (1, 13, 16,
17). We therefore predicted that if feedforward parietal-
prefrontal connectivity while manipulating prior information
held in working memory might relate to delusional psycho-
pathology in patients with schizophrenia, these neural func-
tionsmight also relate to geneticmechanisms of illness, rather
than confounders associated with medication or chronic ill
health. If so,wewouldexpect that therewouldberelationships
between feedforward parietal-prefrontal connectivity and
polygenic risk for disease, particularly in healthy individuals.

We also aimed in this study to examine a substantial issue
related to interindividual variability in cortical function and
connectivity, which is particularly pronounced in the pre-
frontal cortical processing we examined here (18–20). Be-
cause each patient’s optimal neural function for a given
cognitive task likely varies, a given patient’s deviation from
his or her theoretical optimum should closely relate to cog-
nitive dysfunction and psychopathology, if indeed the specific
neural function is implicated in these diseasemechanisms. To
examine this, we leveraged data in healthy control samples
who performed analogous context updating tasks.We created
support vector regression models of how target feedforward
parietal-prefrontal network connectivity during context ma-
nipulation in working memory may be predicted by connec-
tivity during simple maintenance of information, the latter a
process found to be less dysfunctional in schizophrenia than is
context updating (21–23). The machine learning models thus

derived in healthy subjects were then applied to each patient
to determine what his or her target “normal” quantitative
feedforward connectivity should be. This novel strategy takes
inspiration from related machine learning decoder approaches
that utilize surrogate subjects to predict activation patterns for
an individual subject (24).

METHODS

Participants
We examined 143 healthy control subjects and 66 patients
with schizophrenia as they performed an event-related
working memory task during MRI scanning. Participants,
who were enrolled as part of the Clinical Brain Disorders
Branch Sibling Study (25), were between 18 and 45 years of
age (Table 1) andwere right-handed.Theywere interviewed
by a research psychiatrist using the Structured Clinical In-
terview for DSM-IV Axis I Disorders, and completed a neu-
rological examination and a battery of neuropsychological
tests. Exclusion criteria included an IQ ,70, a history of
prolonged substance abuse or significant medical problems,
and any abnormalities found by EEG orMRI. All participants
gave written consent before participation. The study was
approved by the National Institute of Mental Health In-
stitutional Review Board. The individuals in this sample
were not part of our earlier study (1).

Cognitive Task Paradigm
Blood-oxygen-level-dependent (BOLD) functional MRI data
were acquired for each participant after a brief training period
(;10 minutes). The event-related working memory paradigm
has been described in detail elsewhere (26). In each trial,
participantsfirst encoded two integernumberspresentedover
1 second and retained this context information in working
memory across a jittered interval of 3–5 seconds. In mainte-
nance trials, participants subsequently responded to cues as to
which of the two numbers was “larger” or “smaller” within
2 seconds. In themanipulation trials, participants had to perform
amental subtraction of 2 or 3 on one of the two context numbers
before the “larger” or “smaller” evaluation within 2 seconds.
There were 28 trials of working memory manipulation and
28 trials of working memory maintenance, counterbalanced
for trial type and numerical size order, over about 9 minutes.

Imaging Parameters and Analyses
T2*-weighted echo planar imaging (EPI) images with BOLD
contrast were obtained with a 3-T MRI scanner (GE, Mil-
waukee) using a standard GE head coil (64364324 matrix
with 3.7533.7536.0 mm spatial resolution, repetition time=2000
ms, echo time=28 ms, flip angle=90°, field of view=24324 cm)
while participants performed the cognitive task. The first
four scans were discarded to allow for signal saturation.

The functional imaging data were preprocessed and an-
alyzed using the general linear model for event-related de-
signs in SPM12 (Wellcome Trust Centre for Neuroimaging,
London). The functional images were corrected for differ-
ences in acquisition timebetween slices for eachwhole-brain
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volume and realigned to
correct for head movement.
Six movement parameters
(translation: x, y, z; and rota-
tion: roll, pitch, yaw) were
included in thestatisticalmodel
as covariates of no interest. The
functional images were nor-
malized to a standard EPI
Montreal Neurological In-
stitute template and then spa-
tially smoothed using an
isotropic Gaussian kernel of
8mmfullwidthhalfmaximum.

A random-effects event-
related statistical analysis
was performed at two levels.
In the first level, the onsets
and durations of each trial
for each task condition were
convolved with a canonical
hemodynamic response func-
tion and modeled using a general linear model on an indi-
vidual subject basis. The realignment parameters were
included as additional regressors of no interest. Data were
high-pass filtered at 1/128 Hz. Random-effects analyses at
the second (group) level were then conducted based on
statistical parameter maps from each individual participant
to allow population-level inference. Group-level activation
maps were thresholded at a voxel-level whole brain p
threshold of ,0.05 with family-wise error correction for
multiple comparisons unless otherwise stated.

Dynamic Causal Modeling
We used dynamic causal modeling (DCM) (27) as imple-
mented in SPM12 (DCM10) to examine how parietal and
prefrontal brain regions interacted. We focused on the left
parietal (coordinates,238,258, 38) and prefrontal (244, 30,
16) regions implicated previously in context updating dys-
function indelusions (1), andweexamined the corresponding
parcelsdefinedby theHumanConnectomeProject (28) in the
parietal (the dorsal lateral intraparietal area [LIPd]) and
prefrontal (Brodmann’s area 46) cortex encompassing these
peaks. Time series during working memory context updating
(manipulation)were extracted fromeach of the two regions of
interest for each individual, masked by the conjunction of the
respective cortical parcel, the group-level activation mask at
p,0.05, voxelwise whole brain family-wise error corrected for
multiple comparisons, and an individual subject-level activation
at p,0.05. Deterministic bilinear DCMmodels comprising all
seven possible input and pairing combinations of these two
regions of interest (29)were then specified (Figure 1B shows
this at the dorsolateral prefrontal cortex and parietal
cortex, although this also applies to all region-of-interest
pairs in the machine learning models below). The strength
and direction of regional interactions were then estimated,

elucidating how regional neural activity and their interactions
were influenced by cognitive inputs during working memory
context updating, as well as how these neuronal effects were
biophysically linked to form BOLD signals (27). Bayesian
model averaging was used to generate weighted task-related
connectivity averages in each direction, for each pair of nodes,
based on the posterior model probability (30). Using these
results, we then examined task-relatedmodulation of regional
connectivity across participants and relationships with psy-
chopathology and polygenic risk for schizophrenia (31).

Polygenic Risk for Schizophrenia
Polygenic risk scores for schizophrenia were calculated for
each control subject as a measure of genomic risk for schizo-
phrenia, based on the most recent genome-wide association
study (GWAS) (31). We obtained odds ratios of 102,217 index
single-nucleotide polymorphisms (SNPs) from a meta-analysis
of Psychiatric Genomics Consortium phase 2 (PGC2) GWAS
using data sets excluding the discovery sample (PGC2014, non-
Lieber sample PGC2 GWAS). These SNPs were linkage dis-
equilibrium independent (R2,0.1). We then calculated a
weighted sum of risk alleles for schizophrenia by summing
the imputation probability for the reference allele of the
index SNP, weighted by the natural log of the odds ratio of
association with schizophrenia, at each independent locus
across the whole genome (31, 32). In this analysis, we used
the polygenic risk score calculated using the conservative
PGC2 GWAS association p value of 531028.

Defining Individual Patients’ Optimal
Parietal-Prefrontal Connectivity
Wedefinedand tested the validity of each individual patient’s
putative optimal (normal) parietal-prefrontal connectivity at
working memory context updating. We first created a linear

TABLE 1. Demographic characteristics and behavioral performance for healthy control subjects and
patients with schizophrenia

Characteristic or Measure Control Group (N=143) Schizophrenia Group (N=66)

N % N % p

Male 66 46.2 44 66.7 0.01

Mean SD Mean SD p

Age (years) 31.03 9.25 31.91 10.55 ns
Education (years) 16.52 2.67 14.62 2.64 ,0.001
Parental education (years) 14.23 3.42 13.82 3.67 ns
IQa 111.84 8.65 96.52 10.15 ,0.001
Accuracy
Working memory

manipulation
0.93 0.081 0.78 0.16 ,0.001

Working memory
maintenance

0.98 0.048 0.94 0.07 ,0.001

Reaction time (seconds)
Working memory

manipulation
1.81 0.280 1.96 0.37 0.003

Working memory
maintenance

1.04 0.166 1.18 0.20 ,0.001

a Assessed with the Wechsler Adult Intelligence Scale.
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support vector regression (SVR) model, in healthy control
subjects, of how feedforward parietal-prefrontal network
connectivity during context updating may be predicted by
connectivities from prefrontal and parietal regions during
simple working memory maintenance, a process that is less
dysfunctional in schizophrenia than context updating (21–23).
We included 31 parcels in the frontal and parietal cortex that
were robustly engaged during working memory maintenance
inthepatientandcontrol samples(p,0.05,whole-brainvoxel-
wise family-wise error corrected in each separate patient or

control sample). Time series during working memory main-
tenance were then extracted from the region of interest for
each individual, masked by the conjunction of the respective
cortical parcel, group-level activation mask at p,0.05, whole
brain voxelwise family-wise error corrected for multiple
comparisons, and the individual subject-level activation at
p,0.05. Deterministic DCMmodels comprising all possible
pairings across these 31 regions of interest (29)were specified,
giving 465 pairs of regions. From each pair of regions of in-
terest, we determined the Bayesian model averaging over all

FIGURE 1. Working memory behavioral and feedforward parietal-prefrontal connectivity in patients with schizophrenia and healthy
control subjectsa
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seven possiblemodelswithinwhich a pair of regions could
effectively interact (Figure 1B, and in reference 29). This
resulted in a directed matrix of effective connectivity
during working memory maintenance, predicting in SVR
modeling in healthy control subjects the target parietal-
prefrontal feedforward connectivity during working memory
context updating. SVR was conducted in MATLAB using
the implementation “fitrsvm” with a linear kernel, auto-
matic hyperparameter tuning, and sequential minimal op-
timization. We examined the in-sample predictive validity
using a leave-one-out correlation analysis of the left-out
predicted parietal-prefrontal connectivity compared with
the actual connectivity. We also examined predictions in
more conservative approaches, including fivefold cross-
validation in SVR with a held-out 20% test sample, and elas-
tic net regression (33) with alpha at 0.5, also with a held-out
20% test sample.

More importantly,we subsequently tested thevalidityof this
modeling approach in the patients. The SVR models thus de-
rived in healthy control subjects were applied to each patient
to determine what that individual patient’s target “normal”
feedforward connectivity should be at context updating during
workingmemorymanipulation, given thepatient’s connectivity
pattern during the relatively less dysfunctional working
memory maintenance. We examined each patient’s pre-
dicted normal connectivity and the deviation fromhis or her
actual connectivity, as well as the extent to which this de-
viation correlated with delusional psychopathology, hy-
pothesizedpreviously to be associatedwith the feedforward
connectivity deficits.We then tested the extent towhich the
connectivity-derived support vector predictions may out-
perform correlations with delusions derived by simply com-
paring between patient feedforward connectivity and mean
control feedforward connectivity, and also by feedforward
connectivity deviations across patients and control subjects
uninformed by machine learning, the latter generated by
randompairings between patients and control subjects over
10,000 permutations.

RESULTS

Demographic Characteristics and Task Performance
Across healthy subjects (N=143) and schizophrenia patients
(N=66), age and parental education were similar (Table 1).
The mean duration of illness among patients was 8.2 years
(SD=7.82) and themean age at onset was 19.5 years (SD=4.2).
Thepatients’mean total positive andnegative symptomscore
was 54 (SD=24), and their mean dosage of antipsychotic
medication was 298 mg/day (SD=389) of chlorpromazine
equivalents.

Working memory manipulation was more difficult (less
accurate) than working memory maintenance, and patients
generally performed more poorly in working memory ac-
curacy andreaction time(Table 1).However,workingmemory
manipulation was disproportionately more dysfunctional than
working memory maintenance in patients (working memory

process-by-diagnosis interaction, F=63.9, df=1, 217, p,0.001)
(Figure 1A).

Parietal-Prefrontal Feedforward Connectivity
In this report,we focus on the left LIPd and area 46 regions of
interest (Human Connectome Project parcellation notations
[28]),which correspond to regionswherewepreviously found
parietal and prefrontal effects associated with delusions and
context updating in schizophrenia (1). Peaks in the left LIPd
and area 46 regions of interest were significantly engaged
during context updating in working memory manipulation at
the group level in control subjects and in patients (p,0.05,
voxel-wise whole-brain family-wise error corrected for mul-
tiple comparisons, in each control and patient group) (Figure
1B; see also Table S1 in the online supplement). Effective
connectivity across these two regions of interest during con-
text updating inworkingmemorymanipulationwere engaged
at feedforward (parietal to prefrontal) and feedback (pre-
frontal toparietal) incontrol subjects (p,0.001; seeTableS2 in
the online supplement) and in schizophrenia patients (p,0.001;
see Table S4 in the online supplement). Connectivity in both
directions was relatively reduced in patients between the LIPd
and area 46 regions of interest (p,0.001).

Within patients with schizophrenia (N=66), we examined
the hypothesized role of reduced parietal-prefrontal feed-
forward effective connectivity in the left LIPd and area
46 regions at context updating during working memory
manipulation in delusional psychopathology, as suggested
previously (1). Individuals with a score$3 for delusions on
the Positive and Negative Syndrome Scale tended to have
relatively reduced parietal-prefrontal feedforward effective
connectivity (t=1.97, p=0.05) (Figure 1C). Effects in the op-
posite feedback direction were not significant.

We then tested whether these feedforward parietal-to-
prefrontal neural functions were related to putative genetic
mechanisms of illness, rather than to confounders associated
with medications or chronic ill health, through effects on
polygenic risk for schizophrenia in healthy individuals. Left
LIPd to area 46 feedforward effective connectivity during
working memory manipulation was reduced in association
with increased polygenic risk for schizophrenia (r=20.19,
p,0.02) (Figure 1D). Effects in the opposite feedback di-
rection were not significant.

Defining Individual Patients’ Optimal
Parietal-Prefrontal Connectivity
If indeed dysfunction in parietal-prefrontal feedforward
effective connectivity during updating of new information
into context is related to delusions, the degree to which an
individual patient’s connectivity deviates from his or her
“optimum” value should also be related to dysfunction with
delusions, particularly if the connectivity optimumreflects a
relevant target to normalize psychopathology. To define an
individual subject’s parietal-prefrontal connectivity opti-
mum during working memory manipulation, we first ex-
amined 31 of themost activated parcels in the prefrontal and
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parietal cortices during working memory maintenance in
control subjects (peak activation in each parcel of p,0.05,
voxel-wise whole-brain family-wise error corrected for
multiple comparisons; see Table S3 in the online supple-
ment). From these brain parcels, we computed the effective
connectivity from each pair of nodes in both directions,
giving 930 pairwise effective connectivity values during
working memory maintenance. As noted previously, working
memory maintenance performance accuracy was relatively
lessdysfunctional inpatients (Cohen’s d=0.67 formaintenance
and d=2.11 for manipulation, relative to control subjects)
(Figure 1A). However, in healthy control subjects (N=143),
within the working memory maintenance prefrontal-parietal
connectivity patterns in leave-one-out SVR models, feedfor-
wardparietal-prefrontal connectivityatLIPd toarea46during
working memory manipulation was robustly predicted
(N=143, r.0.9, p,0.001; see Figure 1A in the online supple-
ment).More conservativeSVRmodels trainedwith80%of the
healthy sample (N=116) and tested on a held-out 20% sample
also gave robust predictions (N=27, r.0.80, p,0.001) (Figure
2A). Elastic net regularization and variable selection (with
alpha at 0.5), which effectively tacklesmodelfittingwhere the
number of variables exceeds that of subjects (33), yielded
connectivity predictions in the held-out sample with an effect
size reasonably similar to that of SVR (N=27; r=0.60, p,0.001;
see Figure 1B in the online supplement).

We then reasoned that, given working memory mainte-
nance connectivity from patients, we might predict their
corresponding optimized working memory manipulation feed-
forward connectivity, using the SVR model independently de-
rived from healthy control subjects. We tested the extent to
whichthis individualizedmetricmaybeclinicallysignificant,and
found that patients’ deviations from this metric was associated
with delusions (r=0.41, p,0.001) (Figure 2B).On the other hand,
deviation between each patient’s connectivity andmean control

connectivity did not correlate with psychopathology (p.0.17).
Deviationbetweeneachpatient’sparietal-prefrontalconnectivity
and randomly paired control subjects’ parietal-prefrontal
connectivity also did not correlate with psychopathology,
and yielded an average r of 0.01 (p=0.52) over 10,000 iter-
ations, with 2/10,000 instances of performance equal to or
better than that of the support vectormachine (r$0.41).We
further tested the specificity to delusional psychopathology
and found no significant correlation between each patient’s
deviation from modeled “optimal” feedforward connectivity
with negative syndrome score (p.0.12) or with general
symptom score (p.0.8). There was a smaller correlation
with positive syndrome score (r=0.25, p=0.03), and, within
thepositive syndrome, correlationwithhallucinations (r=0.26,
p=0.02), aswell as the larger effectwithdelusionsnoted above.
In a regression of the connectivity deviation against halluci-
nations and delusions, the hallucination effect disappeared
(p.0.8) and the delusion effect remained (beta=0.41, p=0.01),
suggesting a degree of specificity for delusions.

DISCUSSION

In healthy individuals, we observed that relative deficits in
feedforward parietal-prefrontal connectivity during updat-
ing of new information into context during working memory
manipulation is associated with higher polygenic risk for
schizophrenia. In schizophrenia patients, we replicate, in an
independent sample, earlier observations that this parietal-
prefrontal effective connectivity relates to delusional psy-
chopathology (1, 17), although as expected, given the par-
ticular variability in prefrontal parietal function (18–20),
these effects are not large (Cohen’s d,0.45). We then ex-
amined an estimate of optimal feedforward connectivity
during working memory manipulation in patients, derived
from the connectivity patterns during a less dysfunctional

FIGURE 2. Modeled parietal-prefrontal effective connectivitya
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working memory maintenance task. Using a machine
learning model derived from healthy subjects, larger devi-
ations in feedforward parietal-prefrontal connectivity from
predictedoptima also related todelusional psychopathology
in patients.

Theseobservationsareconsistentwithourpreviousfindings
in a nonoverlapping sample (1), as well as that of others (12, 17),
on the role of feedforward information processing deficits in
delusional psychopathology and genetic risk for schizophrenia.
Individualized predictions of feedforward parietal-prefrontal
connectivity during integration of new context information in
working memory may thus serve as a potential biomarker to
uncover underlying genetic mechanisms associated with in-
formation integration deficits in delusions.

Our results are consistent with a model of hierarchical
posterior-to-prefrontal cortical networks (14, 15) that me-
diates feedforward integration of new relevant context
information (1, 6, 7, 9, 34). Dysfunction of these circuits
relates to theoverestimated likelihoodsof preexisting-belief
models and their overreinforcement in delusions, which is
suggested to be implicated also in the underlying genetic
architecture of psychosis (1). Prefrontal dysfunction and
aberrant prefrontal-parietal connectivity have also long
been implicated in schizophrenia and basic models of
psychosis (20, 35–38).

A challenge in defining individual patient targets for po-
tential therapeutics, however, is the substantial interindividual
variability, particularly in prefrontal cortical functional (18, 19)
and effective connectivity (39). This would affect how one
might define appropriate targets to benchmark new
treatment strategies based on brain function. A promising
“hyperalignment” decoder approach recently utilized vi-
sual inferior temporal voxel patterns from surrogate sub-
jects to predict voxel patterns for an individual with
phobias without exposure to feared stimuli, where the
predicted data outperformed that derived at the individual-
subject level (24). In terms of feedforward effective con-
nectivity, we utilized an analogous strategy to infer target
connectivity associated with context updating based on
computationally inferring a patient’s connectivity pattern
from models derived from the healthy participants’ data.
We inferred from these data what the optimized individual
patient-specific “normal” feedforward parietal-prefrontal
connectivity targets would be. To the extent that patient-
specific deviation from optima in this cortical feedforward
connectivity may be clinically relevant, we found that these
predictions do relate to psychopathology associated with
these same connections.

The parietal-prefrontal feedforward connectivity target
engaged by context task stimuli similar to that reported here
(1, 17), andprefrontal activation (9),havebeenassociatedwith
the cognitive architecture of delusions as well as genetic risk
for psychosis (1). However, as it is likely that there are other
neural connections that influence delusions beyond our re-
gions of interest, a larger set of brain regions and larger
samples should be explored. This should find some degree of

feedback, and circular feedforward and feedback effects, con-
ceptualized in the complex neural dynamics of delusions (40).
OurpairwiseDCMsacrossmultiple regions (29) in themachine
learning models is a pragmatic approach to the computational
limitations in estimating large-scale task-modulated effective
connectivity. However, this has drawbacks because each pair of
brain interactions was considered independently of the others.
Recent regression DCM approaches to large networks were
focused on linear models that do not as yet include cognitive-
taskmodulatory effects (41) critical for our approach.However,
future developments, such as task-modulated regressionDCMs
(41) and augmentedmodeling of neural interactions (42), could
improvethebiologicalandclinicalvalidityofapproachessuchas
ours.Nevertheless,weposit that feedforwardparietal-prefrontal
connectivity during information updating appears to be at least
one target associated with the cognitive and genetic underpin-
nings of delusional psychopathology in schizophrenia, and
perhaps in other psychotic conditions. The extent to which this
circuit dysfunction might be causal would be important to de-
termine, potentially with neurofeedback or other therapeutic
strategies in functional MRI or EEG. Such new strategies may
complement treatment of residual psychopathology, often re-
fractory to pharmacology or cognitive-behavioral therapies.
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