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Frontostriatothalamic effective connectivity
and dopaminergic function in the psychosis
continuum
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Dysfunction of fronto-striato-thalamic (FST) circuits is thought to contribute to dopaminergic dysfunction and symp-
tom onset in psychosis, but it remains unclear whether this dysfunction is driven by aberrant bottom-up subcortical
signalling or impaired top-down cortical regulation.

We used spectral dynamic causal modelling of resting-state functional MRI to characterize the effective connectivity
of dorsal and ventral FST circuits in a sample of 46 antipsychotic-naive first-episode psychosis patients and 23 con-
trols and an independent sample of 36 patients with established schizophrenia and 100 controls. We also investigated
the association between FST effective connectivity and striatal *®F-DOPA uptake in an independent healthy cohort of
33 individuals who underwent concurrent functional MRI and PET.

Using a posterior probability threshold of 0.95, we found that midbrain and thalamic connectivity were implicated as dys-
functional across both patient groups. Dysconnectivity in first-episode psychosis patients was mainly restricted to the
subcortex, with positive symptom severity being associated with midbrain connectivity. Dysconnectivity between the
cortex and subcortical systems was only apparent in established schizophrenia patients. In the healthy *®F-DOPA cohort,
we found that striatal dopamine synthesis capacity was associated with the effective connectivity of nigrostriatal and
striatothalamic pathways, implicating similar circuits to those associated with psychotic symptom severity in patients.
Overall, our findings indicate that subcortical dysconnectivity is evident in the early stages of psychosis, that cortical dys-
function may emerge later in the illness, and that nigrostriatal and striatothalamic signalling are closely related to stri-
atal dopamine synthesis capacity, which is a robust marker for psychosis.
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Introduction

Dysfunction of fronto-striato-thalamic (FST) circuits linking the
caudate and putamen with the prefrontal cortex is thought to
be central to the emergence of psychotic symptoms.’® Two
such circuits are particularly relevant: (i) a ventral ‘limbic’ sys-
tem involved in emotional and reward processing, which con-
nects the orbital and ventromedial prefrontal cortices and
subcortical limbic structures (e.g. hippocampus and amygdala)
with the nucleus accumbens (NAcc); and (ii) a dorsal ‘associa-
tive’ system, which links the dorsolateral prefrontal cortex
(dIPFC) with the dorsal striatum, and subserves associative
learning and executive functions.” Feedback loops passing
through the pallidum and the thalamus connect both circuits
back to the cortex."

The striatum is a major target for dopamine projections from
the ventral tegmental area (VTA) and substantia nigra (SN), with
the ventral and the dorsal regions respectively forming part of the
mesolimbic and nigrostriatal pathways.® Dysregulated dopamine
signalling is proposed to contribute to psychosis onset by influen-
cing the capacity of the striatum to filter and relay information
to the thalamus, thus affecting broader FST function.® In vivo
PET has revealed elevated presynaptic dopamine synthesis cap-
acity, measured using 3,4-dihydroxy-6-'8F-fluoro-L-phenylalanine
(*|F-DOPA), in the dorsal striatum of at-risk groups, especially in in-
dividuals who transition to psychosis.’®!! Increased dopamine
binding and release in the dorsal striatum have also been shown
in psychosis patients and at-risk individuals.'>'®> Moreover,
18E.DOPA elevations in the ventral striatum of schizophrenia pa-
tients and of at-risk individuals have been reported.'*** In parallel,
resting-state functional MRI (fMRI) studies have identified reduced
functional connectivity between the dorsal striatum, thalamus,
and dIPFC in first episode psychosis (FEP) patients, their unaffected
first-degree relatives, at-risk individuals, chronic unmedicated pa-
tients, and healthy people with psychosis-like experiences.? 17
Increased functional connectivity between the ventral striatum,
limbic regions, anterior cingulate cortex, ventromedial prefrontal
and orbitofrontal cortices has also been found in these
groups.>'®2° Correlations between striatal *F-DOPA activation of
prefrontal and medial temporal areas have been reported in early
and chronic stages of psychotic illness.?*3

Functional connectivity quantifies statistical dependencies be-
tween regional activity and does not distinguish causal interac-
tions. It is therefore unclear whether FST dysfunction in
psychosis arises from altered bottom-up signalling or disrupted
top-down regulation of subcortical systems. Evidence for a pri-
mary bottom-up pathology comes from reports of aberrant

molecular function, activity, and functional connectivity of the
midbrain across at-risk and schizophrenia groups.?*?® Others
have proposed, largely based on ex vivo and preclinical findings,
that subcortical changes are secondary to deficient top-down con-
trol of midbrain neurons, which is caused by GABA/glutamate im-
balance in the cortex or hippocampus.®?”?® However, in vivo
imaging findings have been mixed, with reports of increased, de-
creased, or no changes in prefrontal excitatory or inhibitory meta-
bolites in FEP** and people with established schizophrenia
(SCZ).3031,3435

Top-down and bottom-up interactions between distinct ele-
ments of FST systems can be disentangled through models of ef-
fective connectivity. Effective connectivity refers to the causal
influence that one neural system exerts over another,®® which
can be estimated from fMRI data using dynamic causal modelling
(DCM). DCM uses a Bayesian framework for optimizing a genera-
tive model of directed, or causal, influences between regions com-
prising a distributed neural system.*® In DCM, inter-regional
connections are referred to as extrinsic connections,* and they
can be used to infer top-down influences from cortical to subcor-
tical areas or bottom-up subcortical-to-cortical interactions.
Another important feature of DCM is that it allows the investiga-
tion of the intrinsic functioning of a brain region through the es-
timation of recurrent inhibition, modelled as a self-connection,
which can uncover intra-regional pathology.®’ Here, we used
spectral DCM>® of resting-state fMRI data to characterize disrup-
tions of extrinsic and recurrent intrinsic effective connectivity
within dorsal and ventral FST systems in antipsychotic-naive
FEP patients and people with SCZ, as well as associations with
psychotic symptoms, which have historically been linked to FST
dysfunction.®® In an independent healthy cohort who underwent
concurrent fMRI and *®F-DOPA PET, we then identified the specific
FST connections that are associated with dorsal and ventral striat-
al ®F-DOPA levels. This approach allowed us to cross-sectionally
map effective dysconnectivity of FST circuits across different ill-
ness stages and to identify putative directed influences associated
with striatal dopamine synthesis capacity, a robust marker of ill-
ness risk. 104041

Materials and methods

We examined three independent cohorts: (i) an FEP cohort compris-
ing antipsychotic-naive patients within 6 months of psychosis on-
set and healthy controls®’ (i) a SCZ cohort comprising
schizophrenia patients and healthy controls obtained through the
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UCLA Consortium for Neuropsychiatric Phenomics open dataset*?;
and (iii) an '®F-DOPA cohort comprising healthy participants re-
cruited from the community who underwent concurrent PET/
fMRI scans. The FEP and SCZ cohorts allowed us to examine FST ef-
fective connectivity at distinct illness stages, while the ®F-DOPA
cohort allowed us to identify specific connections associated with
striatal dopamine synthesis capacity. Separate analyses were also
performed for a subgroup of the FEP cohort with a schizophrenia
diagnosis (FEP-SCZ) to examine whether there were diagnosis-
specific effects within the FEP group. Group numbers and demo-
graphic details are provided in Table 1. The recruitment of our
FEP cohort, controls, and the *®F-DOPA cohort was in accordance
with the Melbourne Health Human Research Ethics Committee (ref-
erence numbers 2007.616 and 1443066.1). Below are the recruitment
details for each of our cohort. Detailed description of the number of
recruited participants excluded from our analyses are outlined in
the Supplementary material.

Participants were aged 15-25 years, presenting with FEP to an early
psychosis intervention centre at Orygen Youth Health, Melbourne,
Australia.*? FEP was defined as fulfilling Structured Clinical Interview
for DSM-5 (SCID-5) criteria for a psychotic disorder. Patients with
substance-induced psychosis were excluded in the present study.
Healthy controls had no history of psychiatric or neurological illness,
as determined by self-reports, SCID, and the Comprehensive
Assessment of At-Risk Mental States. Recruitment occurred from
April 2008 to December 2016. All participants provided informed con-
sent. For FEP patients, additional strict inclusion criteria included com-
prehension of English language, no contraindication to MRI scanning,
less than 6 months duration of untreated psychosis, living in stable ac-
commodation, low risk to self or others [score of <5 on the Brief
Psychiatric Rating Scale version 4 (BPRS-4) Suicidality and Hostility
subscales], and minimal previous exposure to antipsychotic medica-
tion (less than 7 days of use or lifetime 1750 mg chlorpromazine
equivalent exposure). Healthy controls were age-matched to patients.
Additional exclusion criteria for controls included history of psychi-
atric or neurological illness in first-degree relatives and current use
of psychotropic medications. A total of 46 patients and 23 controls
were included in our final analyses. We also analysed a subsample
of the FEP-SCZ cohort (n=17) to identify the differences in connectivity
based on differential diagnoses.

Table 1 Descriptive statistics of participants
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Data were obtained through the UCLA Consortium for
Neuropsychiatric Phenomics (CNP) open dataset.*® The initial sam-
ple consisted of 121 right-handed healthy controls and 51
patients with SCZ aged between 21-50 years old. Healthy controls
were excluded if they had a lifetime history of mental illness, in-
cluding SCZ or other psychotic disorders, and bipolar disorders.
Healthy controls were also excluded on current diagnosis of major
depressive disorder, suicidality, anxiety disorder, or attention def-
icit hyperactivity disorder (ADHD). Additional exclusion criteria
for all participants included left-handedness, pregnancy, neuro-
logical disease, history of head injury with loss of consciousness
or cognitive sequelae, use of psychoactive medications, substance
abuse or dependence, and other MRI contraindications (e.g. claus-
trophobia). SCZ patients were also excluded if they had comorbidity
with either bipolar disorder or ADHD. Diagnoses were based on the
DSM-IV and SCID-1. All SCZ patients were on stable medication.
Mean lifetime chlorpromazine-equivalent dose** for patients with
available medication information is 662.51 mg (SD=764.91 mg; n=
28). No significant correlations between antipsychotic exposure
and effective connectivity were identified (i.e. all P>0.05, cor-
rected). A total of 36 patients and 100 controls were included in
our analyses after quality checking.

A total of 52 healthy participants aged 18-28 years were recruited
from the community through online advertisements. Recruitment
period was between May 2016 until May 2019. Each participant pro-
vided informed consent. Exclusion criteria included current or his-
tory of psychiatric or neurological illnesses, significant medical
history, intellectual disability, and first-degree relative with a men-
talillness. Participants underwent simultaneous resting-state fMRI
and PET imaging with *®F-DOPA tracer. A total of 33 participants
were included in our final analyses.

Positive symptoms were assessed in patients using the positive
subscale of Brief Psychiatric Rating Scale (BPRS) version 4.*° The
subscales were derived from a five factor solution outlined in
Dazzi et al.** Psychotic symptom scores were derived from the posi-
tive symptom subscale which consists of five items: unusual

FEP Scz 8F-DOPA
HC (n=23) FEP (n=46) FEP-SCZ (n=17) HC (n=100) SCZ (n=36) HC (n=33)
Males, n (%) 14 (60.87) 20 (43.48) 9 (41.18) 55 (55) 26 (72.22) 15 (45.45)
Age, mean (SD) 21.74 (1.92) 19.12 (2.97) 20.51 (2.87) 30.6 (8.87) 35.81(8.49) 22.30 (2.21)
Age range, years 18-26 15-25 15-25 21-50 22-49 18-28
BPRS total
Mean (SD) — 56.91 (10.34) 61.94 (9.41) — 49.39 (14.03) —
Range — 38-80 46-80 — 26-77 —
BPRS positive
Mean (SD) — 15.65 (4.19) 17.94 (4.31) — 14.11 (6.17) —
Range — 10-27 13-27 — 5-29 —
BPRS negative
Mean (SD) — 5.76 (2.6) 7 (3.16) — 5.14 (2.54) —
Range — 3-12 3-12 — 3-11 —

8F-DOPA = healthy group who underwent a simultaneous PET-fMRI protocol; HC = healthy controls.
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thought content, suspiciousness, hallucinations, grandiosity, and
bizarre behaviour. Secondary analyses also considered negative
symptoms assessed with the same instrument. The negative symp-
tom subscale consists of three items: blunted affect, emotional
withdrawal, and motor retardation. Each item is ranked on a
Likert-like scale between 1 to 7, with a score of 1 denoting the ab-
sence of a measured symptom.

The scanning acquisition protocol for each participant group is de-
scribed as follows.

Whole-brain T,*-weighted echo-planar images (EPIs) and anatom-
ical T;-weighted scans were acquired for each participant using a
3 T Siemens Trio Tim scanner, equipped with a 32-channel head
coil, located at the Royal Children’s Hospital in Melbourne,
Australia. Participants were instructed to lie still in the scanner
while maintaining wakefulness with eyes closed. A total of 234
functional volumes with 37 slices each were acquired using the fol-
lowing parameters: repetition time (TR) = 2000 ms; echo time (TE) =
32 ms; flip angle =90°; field of view (FOV) =210 mm; slice thickness
of 3.5 mm; and 3.3 x 3.3 x3.55 mm voxels. A total of 176 slices were
acquired for each participant’s T;-weighted image using an inter-
leaved acquisition using the following parameters: TR=2.3s; TE=
2.98 ms; flip angle of 9°; FOV of 256 mm; voxel size of 1.1x1.1x
1.2 mm.

The UCLA CNP dataset*® was acquired on one of two Siemens Trio
3T scanners located at the Ahmanson-Lovelace Brain Mapping
Center and the Staglin Center for Cognitive Neuroscience at
UCLA. Details of the resting-state EPI scan were TR=2s, TE=
30 ms, flip angle=90°, 4 mm slice thickness, 152 volumes, with 34
slices each. Participants were instructed to keep their eyes open.
Details of the T;-weighted scan were TR=1.9s, TE=2.26 ms, flip
angle of 90°, 176 slices, with 1 mm? voxels.

Data were acquired using a 3 T Siemens Magnetom Biograph simul-
taneous MR-PET scanner equipped with a 20-channel head and
neck coil at Monash Biomedical Imaging, Melbourne, Australia.
Resting-state whole-brain T,*-weighed EPIs were also acquired for
each subject using an interleaved acquisition with the following
parameters: TR=2.89s; TE=30ms; 152 volumes, with 44 slices
per volume; flip angle=90° FOV=190mm; slice thickness=
3 mm; voxel size of 3mm?3. A high resolution T,;-weighted anatom-
ical image was acquired for each subject using an ascending
acquisition (176 slices; TR=1640 ms; TE=2.34 ms; flip angle=38°;
FOV =256 mm; slice thickness = 1 mm; voxel size =1 mm?).

Functional MRI and T;-weighted data were processed in the same
way across all three cohorts using FMRIPREP software version
1.1.1.*¢ Each T;-weighted scan was corrected for non-uniformity
in intensity and subsequently skull stripped. Brain surfaces were
reconstructed using FreeSurfer version 6.0.1. Tissue masks were
generated using FreeSurfer. Spatial normalization of the skull
stripped T;-weighted images to the ICBM 152 Nonlinear

BRAIN 2023: 146; 372-386 | 375

Asymmetrical template version 2009c was performed using a non-
linear registration in Advanced Normalization Tools (ANTs) version
2.1.0. Similarly, for each participant, tissue masks were registered
from the surface space to the Montreal Neurological Institute
(MNI) template.

EPIs were slice-timed corrected using AFNI version 16.2.07 and
realigned to a mean reference image using FSL. EPIs were distortion
corrected using fieldmaps (phasediff-based workflow; https:/
fmriprep.readthedocs.io/en/stable/api/index.html#sdc-phasediff).
For participants with missing fieldmaps, a ‘fieldmap-less’ distor-
tion correction was performed by co-registering the functional im-
age to the intensity-inverted T,-weighted image constrained with
an EPI distortion atlas.*’ Following distortion correction, EPIs
were co-registered with their corresponding T;-weighted image
using boundary-based registration with nine degrees of freedom
using the bbregister routine in FreeSurfer. The motion-correcting
transformations, field-distortion-correcting warp, EPI-to-T;-
weighted transformation, and T;-weighted-to-MNI template warp
were concatenated and applied in a single step using ANTs version
2.1.0. In-scanner head motion was defined as excessive according
to previously-defined stringent exclusion criteria;*® namely, if any
of the following were met: (i) mean framewise displacement (FD)
>0.20 mm; (ii) sum of suprathreshold FD spikes>20%; and (iii)
any FD>5mm. FD was calculated using the root mean squared
volume-to-volume displacement of all voxels, derived from the
six head motion parameter (three translations, three rotations).*®
ICA-based Automatic Removal of Motion Artifacts (AROMA) was
used to generate noise regressors.*® ICA-AROMA noise components
were non-aggressively regressed out from the EPI data. Next, white
matter and CSF signals were estimated from each subject using re-
stricted tissue masks and were removed out from the data via lin-
ear regression. A high-pass filter of 200 s was the applied to each
EPI image prior to spatial smoothing using a Gaussian kernel of
4mm full-width half-maximum implemented using the
3dBlurToFWHM function in AFNI (version 16.2.16). We did not per-
form global signal regression as DCM incorporates noise parameter
estimates that capture observation noise due to scanner and
physiological noise®*"° and also because it may remove real neuro-
modulatory fluctuations in neuronal activity, which are of key
interest in the present study (for a discussion, see Aquino et al.>
and Glasser et al.>?).

PET data in the '®F-DOPA group were acquired on a MR-PET
Siemens Biograph scanner. All participants received carbidopa
(150 mg) and entacapone (400 mg) orally 60 min before imaging to
reduce the formation of radiolabeled metabolites that can cross
the blood-brain barrier and thus confound tracer availability in
the striatum.>*** All subjects were administered approximately
150 Mbq of '®F-DOPA via interbolus injection at the start of the
PET imaging. Participants were instructed to lie still in the scanner
with eyes closed. Participants were instructed to lie still in the scan-
ner with eyes closed.

The pseudo-CT attenuation correction method>>*® was used to
correct PET images during image reconstruction. Dynamic PET
images were reconstructed using the Siemens e7tools software
with image volume size 344x344x127 (2.09x2.09x2.03 mm?).
The Ordinary Poisson-Ordered Subset Expectation Maximization
(OP-OSEM) algorithm (three iterations, 21 subsets) was used with
the point spread function (PSF) for partial volume correction. A
5-mm full-width at half-maximum Gaussian filter was applied to
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each 3D image volume. For correction of subject motion, the list
mode dataset was first binned into 95 frames consisting of one
30-s background frame and ninety-four 60-s frames. Dynamic mo-
tion was corrected based on an image registration approach,®’
where each frame was registered to the last frame using rigid-body
transformation implemented in the FSL toolbox.?® The final recon-
structed dynamic PET images were registered to the corresponding
T, Magnetization-Prepared Rapid Gradient-Echo Imaging MRI im-
age. Patlak graphical analysis®® was performed using Qmodeling
software® to quantify ®F-DOPA influx rate constants (K¢ values)
for dorsal and ventral striatal regions of interest (ROIs)®
(Supplementary Fig. 1) relative to the cerebellum®? in each partici-
pant’s anatomical space. We only analysed the left hemisphere
consistent with our DCM (see below).

Dynamic causal modelling

Model space selection

ROIs spanning the dorsal and ventral FST systems, and the mid-
brain, were selected using stereotactic coordinates of past findings
or of peak signals identified using functional connectivity. Effective
connectivity explains the change of activity in one region as a func-
tion of activity in another region and does not depend on signal cor-
relations between two areas. As such, selecting regions based on
functional connectivity peaks does not result in biased ROI selec-
tion. We modelled 47 biologically plausible connections, identified
through tract tracing or human functional connectivity, between
eight ROIs (Fig. 1). The first eigenvariate of the time-series of each
ROI was extracted and entered into a first-level DCM analysis. We
focused on the left hemisphere given prior evidence of more con-
sistent functional connectivity effects in left-lateralized FST

@ dIPFC
W 45,23, 37
. Amygdala . Nucleus accumbens
-24, -6, -18 -9,9,-8
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circuits in patients.>® Spherical ROIs were created with a radius
of 6 mm for cortical regions [i.e. dIPFC and ventromedial PFC
(vmPFC)] and 3.5 mm for each subcortical ROIL For vmPFC and thal-
amus ROIs with centroids that were close to the anatomical or func-
tional boundary of the region, we used an anatomical mask from
the FreeSurfer package when extracting the first eigenvariate for
the ROIs to exclude signal from neighbouring regions. Details of
the ROI selection for each region are provided below.

Nucleus accumbens and dorsal caudate

For the ventral and dorsal striatum, we seeded the NAcc and dorsal
caudate (DC) consistent with our previous works>*¢* using a func-
tional parcellation of the striatum®* that was delineated based on a
meta-analysis of striatal activation in fMRI and PET studies.®® The
pallidum, which is the primary output structure of the basal gan-
glia, was omitted to limit model dimensionality. Its effects will
thus be captured through indirect (unmodelled) influences in the
DCM.

Dorsolateral prefrontal cortex

To capture variations associated with risk for psychosis as well as
disruptions in clinical groups, the dIPFC ROI was selected based
on a peak in which functional connectivity with the DC was re-
duced in the healthy relatives of FEP patients compared to healthy
controls.? This peak overlapped with an area that also showed re-
duced connectivity in patients.

Ventromedial prefrontal cortex

To choose a region that was most relevant to the ventral circuit, we
chose a peak in the vmPFC that showed strong functional connect-
ivity with the NAcc in an independent cohort of 353 healthy adults.*

. Thalamus . Hippocampus
-6,-12,14 -26, -16, -18

. Dorsal Caudate . VTA/SN
-13,15,9 -12, -20, -10

Figure 1 Parent model space of FST systems encompassing dorsal and ventral circuits. Left: Anatomical locations of ROIs on axial slices. Right: The
parent model, including 47 biologically plausible connections including self-connections (circular arrows) for a network comprising eight regions.
Bottom: Centroids of ROIs in MNI coordinates (x, y, z). Amyg=amygdala; Hipp = hippocampus; Thal = thalamus.
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Thalamus

The thalamus coordinate was selected from a peak in which func-
tional connectivity with the dorsal caudate was reduced in at-risk
mental state individuals compared to healthy controls.®®

Hippocampus and amygdala

ROIs for these regions were selected using a similar method. Peak
coordinates within anatomical masks for the hippocampus and
amygdala were selected in a separate group-level functional con-
nectivity analysis of each ROI's connectivity with the whole brain
in an independent cohort of 353 individuals.* For the hippocampus,
we chose the anterior region, using of a hippocampal mask pro-
vided in the Freesurfer package.®® The anterior hippocampus is a
hippocampal region that is most frequently implicated as dysfunc-
tional in schizophrenia,®” and it was defined as the region having
the MNI coordinate of less than y = —22.%% Similar to the hippocam-
pus, we used an amygdala mask provided in FreeSurfer.

Midbrain

The midbrain is a challenging area to identify due to the lack of tis-
sue contrast afforded by anatomical T; scans. We therefore em-
ployed a midbrain mask derived from a comprehensive study of
functional connectivity between the VTA, SN, and the rest of the
brain, which has been that was validated in two independent data-
sets.®® Due to the coarse resolution of the functional scans, we com-
bined VTA and SN into one midbrain ROI, which limits our ability to
delineate mesolimbic and nigrostriatal pathways. We selected a
functional connectivity signal peak in the same cohort that was
used in the selection of our hippocampal, amygdala, and vmPFC
ROIs.

We modelled effective connectivity in the spectral domain by fit-
ting a complex cross spectral density using a generative model,
parametrized by a power-law model of endogenous fluctuations,
implemented in SPM12 (DCM 12; revision 7487).>® Details are pro-
vided in the Supplementary material. Briefly, subject-specific first-
level analyses were used to estimate directed (causal) influences
between regions (in Hz), and the (inhibitory) recurrent or self-
connectivity (i.e. self-inhibition) within each region.
Subject-specific connectivity parameters were then passed to a
group-level general linear model (GLM) implemented in the para-
metric empirical Bayes (PEB) framework to estimate between-
subject variability.”” PEB models were run separately for each co-
hort. FEP and SCZ patients were compared to their respective con-
trol groups. Symptom associations in patients were modelled
separately for each group for each connection in the model space,
with both positive and negative symptoms included as covariates.
Associations with '®F-DOPA were modelled in healthy individuals
only, with dorsal and ventral striatal K{*"values as covariates. Age,
sex, and mean FD”! were used as nuisance covariates for all models
to address unequal distributions of sex across groups, as well as age
and head motion as confounding variables. Scanner site was also
used as a covariate in the SCZ group. We only report effects with
a posterior probability threshold above 0.95. This threshold is based
upon the differences in model evidence, or marginal likelihood, ob-
served when comparing models with and without a particular con-
nection. Critically, PEB is a multivariate (Bayesian) GLM in which we
fit all model parameters at once; hence, no correction for multiple
comparisons is required. A typical effect size for effective connect-
ivity between regions is 0.1 Hz.?® Self-connections are inhibitory to
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reflect activity decay, with a negative sign indicating reduced self-
inhibition (i.e. disinhibition, or slower activity decay) and a positive
sign indicating increased self-inhibition (i.e. quicker activity decay).
Note that a group difference of 0 Hz in effective connectivity does
not imply the absence of that connection in either group, but in-
stead signifies that the groups do not differ in their effective con-
nectivity. A mean connectivity of 0 Hz within a group denotes an
absence of effective connectivity, but it does not necessarily imply
a lack of anatomical connectivity. Technical details are outlined in
the Supplementary material.

Connectivity methods based on correlations such as functional
connectivity depend on covariances between brain regions, which
are influenced by observation noise and changes in signal-to-noise
ratio.?” In contrast to descriptive correlational methods, DCM ac-
counts for noise by modelling observation noise in the data, which
includes thermal and physiological noise® (see Equations 2 and 3 in
Supplementary material). The DCM routine also incorporates a
diagnostic check to determine the accuracy of model inversion by
calculating the percentage of variance explained by the model
based on the predicted brain oxygen level-dependent signal.”?
Based on this diagnostic check, we excluded subjects with <75%
variance explained by DCM for subsequent analyses following first-
level model inversion (details in Supplementary material).

Data from the UCLA Consortium for Neuropsychiatric Phenomics
are available on an open dataset platform on https:/openneuro.
org/datasets/ds000030/versions/00016. Derived data from our FEP
and PET cohorts are available from the corresponding author on
request.

Results

To examine FST disruptions at the earliest signs of illness, before
exposure to antipsychotic medication, we first investigated effect-
ive connectivity disruptions in antipsychotic-naive FEP patients
relative to healthy controls. Patients showed reduced self-
inhibition of VTA/SN, increased self-inhibition of dIPFC, greater in-
hibitory influence of the thalamus on NAcc, and a greater excitatory
influence of the amygdala on NAcc (Fig. 2A and Table 2). The subset
of FEP-SCZ patients (Fig. 2B and Table 2) showed similar changes
but did not show increased dIPFC self-inhibition. FEP-SCZ patients
additionally demonstrated a relative disinhibition of the amygdala,
increased excitatory influence of VTA/SN on NAcc, and increased
inhibitory influence of VTA/SN and NAcc on hippocampus.
Connections between cortical and subcortical ROIs were not impli-
cated as dysfunctional in FEP patients.

We next examined, in an independent sample of patients and con-
trols, whether people with SCZ show similar disruptions of FST ef-
fective connectivity to those observed in FEP. As with FEP, we found
that SCZ patients showed disinhibition of VTA/SN and a greater in-
hibitory influence of thalamus on NAcc relative to controls (Fig. 2C


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
https://openneuro.org/datasets/ds000030/versions/00016
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Figure 2 Group differences in FST effective connectivity identified in FEP (n = 46), FEP-SCZ (n = 17), and SCZ (n = 36) patients relative to their respective
control groups. Differences in effective connectivity between FEP patients and healthy controls (HCs) are shown in A; the subgroup of FEP patients with
schizophrenia-spectrum diagnosis are shown in B; and patients with established schizophrenia (Sz) and HCs are shown in C. Boxes show mean con-
nectivity values in each group. For connections between regions, dashed arrows represent connections for which patients show an increased inhibitory
influence compared to controls; solid arrows represent connections for which patients show increased excitatory influence compared with controls.
For self-connections, dashed arrows represent reduced inhibition and solid arrows indicate increased inhibition in patients compared with controls.
Grey arrows represent modelled connections that were not significantly different from the prior. Inter-regional connectivity parameters are in
Hz. Self-connection values are in negative log scale. Connections were thresholded at P> 0.95, which represents strong evidence. *Connections for
which the mean in each group has low posterior model probability, but in which differences between groups surpassed P> 0.95.

and Table 2). SCZ patients also showed increased inhibitory influ-
ence of vmPFC on dIPFC, of dIPFC on thalamus, and of thalamus
and amygdala on hippocampus. FEP-SCZ patients and SCZ patients
both showed altered bottom-up connectivity of the VTA/SN. In
FEP-SCZ, these disruptions primarily affected the limbic circuit; in
SCZ patients, they affected the dorsal system, with increased in-
hibitory influence on the DC on VTA/SN and an increased excitatory
influence running in the reverse direction, from DC to VTA/SN.

Associations with positive symptoms

Having identified both common and distinct disruptions of FST cir-
cuitry in FEP and SCZ patients, we next examined the association
between specific FST connections (i.e. how much a region influ-
ences another) and psychotic symptom severity in both groups.

First-episode psychosis

Greater positive symptom severity was predominantly associated
with subcortical connectivity (Fig. 3A and Table 3). Specifically,
more severe symptoms were associated with a relatively stronger
influence of VTA/SN on NAcc and amygdala, and of NAcc and
hippocampus on VTA/SN. More severe symptoms were also asso-
ciated with a weaker influence of VTA/SN on DC and hippocampus,
and with reduced self-inhibition of the amygdala. In cortex, higher
positive symptom ratings were associated with weaker influence of
dIPFC on vmPFC and weaker self-inhibition of vmPFC.

The FEP-SCZ subgroup (Fig. 3B and Table 3) showed similar asso-
ciations with vmPFC self-inhibition and subcortical connectivity,
although associations with hippocampal to VTA/SN connectivity
and amygdala self-inhibition were absent. Positive symptom sever-
ity was additionally associated with a weaker influence of NAcc on
hippocampus, of hippocampus on amygdala, of DC on thalamus,
and reduced dIPFC self-inhibition, coupled with a stronger influ-
ence of dIPFC on thalamus and stronger thalamic self-inhibition.

Established schizophrenia

Both cortical-subcortical and subcortical-cortical influences were
associated with positive symptoms in SCZ patients (Fig. 3C and
Table 3). Specifically, more severe positive symptoms were asso-
ciated with a stronger top-down influence of vmPFC on VTA/SN
and hippocampus; stronger bottom-up influence of VTA/SN on
dIPFC; stronger influence of DC on thalamus and of thalamus
on hippocampus; and greater dIPFC self-inhibition. Higher posi-
tive symptom ratings were also associated with weaker vmPFC
and VTA/SN self-inhibition and a weaker influence of dIPFC on
thalamus, thalamus on VTA/SN, VTA/SN on amygdala, hippo-
campus on vmPFC. Some common connections were implicated
in both FEP-SCZ and SCZ patients (i.e. VTA/SN-amygdala, DC-
thalamus, dIPFC-thalamus, and dIPFC self-inhibition), albeit
with opposing polarity, suggesting that the link between positive
symptoms and altered FST effective connectivity varies across ill-
ness stages.

Associations with negative symptoms

Associations with negative symptom for FEP, FEP-SCZ, and SCZ pa-
tients are presented in Supplementary Fig. 2 and Supplementary
Table 1. Associations between negative symptom severity and
amygdala self-inhibition were consistent, albeit with reversed po-
larity, across the last two groups. Top-down cortical to subcortical
connections were associated with negative symptom severity in
FEP-SCZ patients, whereas SCZ patients showed associations with
bottom-up subcortical to cortical connections. Similar to positive
symptoms, negative symptom associations in FEP patients mainly
implicated subcortical connections.

Associations with striatal dopamine synthesis
capacity

The analysis of clinical patients identified a prominent role for sub-
cortical dysconnectivity in both FEP and SCZ groups. Dopamine


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac018#supplementary-data
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Table 2 Summary of group differences in FST effective connectivity in FEP (n = 46), FEP—SCZ (n=17), and SCZ (n = 36) patients

respective to healthy controls

Connection

Increased (+) or decreased Excitatory (E) or inhibitory  Effect size 90% posterior CI (lower Patients HC
(-) in patients (I) in patients (Hz) bound, upper bound) (mean) (mean)
FEP versus HC
dIPFC — dIPFC + E 0.10 0.03,0.20 0.64 0.44
Thal - NAcc - I 0.10 -0.20, -0.01 -0.12 0.09
Amyg— NAcc + E 0.11 0.02,0.21 0.00 -0.24
VTA/SN — - I 0.14 -0.24, -0.04 -0.04 0.00
VTA/SN (~0.48) (~0.05)
FEP—-SCZ versus HC
Thal - NAcc - I 0.13 —0.24, -0.03 -0.13 0.09
Amyg — NAcc + E 0.13 0.02,0.23 0.00 -0.25
Amyg — Amyg - I 0.11 -0.22, 0.00 -0.16 0.00
(-0.43) (~0.05)
NAcc - Hipp — I 0.15 —0.26, —0.04 -0.28 0.00
VTA/SN - - 1 0.09 -0.20, -0.02 -0.14 0.00
Hipp
VTA/SN - + E 0.09 -0.01, 0.20 0.00 -0.14
NAcc
VTA/SN - - I 0.08 -0.19, 0.03 -0.06% 0.07%
VTA/SN (~0.47) (-0.54)
SCZ versus HC
dIPFC — Thal — I 0.11 -0.19, -0.03 -0.14 0.00
vmPFC — — I 0.08 -0.16, 0.00 —-0.06% 0.06%
dIPFC
Thal - Hipp — I 0.10 -0.18, -0.02 -0.20 0.00
Thal - NAcc - I 0.09 -0.17, -0.01 -0.11 0.00
Amyg - Hipp - E 0.09 -0.17, -0.01 0.00 0.16
VTA/SN - - I 0.16 -0.25, -0.07 -0.26 -0.09
VTA/SN (-0.39) (~0.46)
VTA/SN - DC — I 0.14 -0.22, -0.06 -0.19 0.00
DC — VTA/SN + E 0.16 0.08, 0.25 0.12 -0.11

Only connections surpassing a posterior probability threshold of 0.95 are presented in this table, and all reported connections have the posterior probability value of 1.00. All
parameters for between region connections are in Hz. Self-connections are italicized, and values are log-transformed to ensure prior negativity (i.e. inhibitory) constraints on
self-connections. A positive value for self-connection denotes increased inhibition; a negative value signifies reduced inhibition. Self-connection parameters in Hz are displayed
in parentheses. Amyg=amygdala; CI = confidence interval; HC = healthy controls; Hipp =hippocampus; Thal = thalamus.

2Denotes connections for which the mean in each group has low posterior model probability, but in which differences between groups surpassed P >0.95.
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Figure 3 Associations between positive symptoms and FST effective connectivity parameters in FEP (n=46), FEP-SCZ (n=17), and SCZ (n = 36) pa-
tients. Panels from left to right depict the results of PEB models mapping associations between FST effective connectivity and positive symptoms in
(A) FEP, (B) FEP-SCZ, and (C) SCZ patients. For between-region connections, solid arrows denote positive associations and dashed arrows depict nega-
tive associations between effective connectivity parameters and symptoms. For self-connections, solid arrows represent positive associations between
symptom severity and self-inhibition, whereas dashed arrows denote negative associations such as more severe symptoms were associated with re-
duced inhibition. Grey arrows show modelled associations that were not (significantly) different from the prior. Connections were thresholded at
P>0.95. Amyg=amygdala; Hipp = hippocampus; Thal = thalamus.
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Table 3 Summary of connections associated with severity of
positive symptoms in FEP (n =46), FEP-SCZ (n=17), and SCZ
(n =36) patients

Connection Positive (+) or Effect 90% posterior
negative (-) size CI (lower
association (Hz) bound, upper

bound)

Positive symptoms

FEP

dIPFC - vimPFC - 0.10 -0.20, 0.01
vmPFC — yvmPFC — 0.16 -0.27, -0.06
Amyg - Amyg - 0.08 -0.19, 0.02
Hipp — VTA/SN + 0.10 0.00, 0.20
NAcc— VTA/SN + 0.09 —0.01, 0.20
VTA/SN — NAcc + 0.09 -0.02, 0.20
VTA/SN - Hipp - 0.17 —0.27, -0.06
VTA/SN - Amyg + 0.14 0.04, 0.25
VTA/SN —DC - 0.08 -0.19, 0.02
FEP-SCZ
vmPFC — vmPFC - 0.19 —0.33, -0.05
dIPFC — dIPFC - 0.09 -0.23,0.04
dIPFC — Thal + 0.11 -0.02,0.24
Thal — Thal + 0.13 0.00, 0.26
Hipp - Amyg - 0.15 —0.28, -0.02
NAcc - Hipp - 0.09 -0.22,0.03
NAcc —» VTA/SN + 0.12 -0.01, 0.25
DC - Thal - 0.12 —-0.25, 0.02
VTA/SN — NAcc + 0.13 0.01, 0.26
VTA/SN — Hipp - 0.14 -0.27, -0.01
VTA/SN — Amyg + 0.10 -0.03,0.23
VTA/SN - DC - 0.12 -0.25,0.01
SCZ

UmPFC — umPFC - 0.09 —-0.20, 0.03
vmPFC — Hipp + 0.16 0.05, 0.27
vmPFC —» VTA/SN + 0.08 —-0.03, 0.20
dIPFC — dIPFC + 0.09 -0.03,0.21
dIPFC - Thal - 0.18 —0.24, -0.06
Thal - Hipp + 0.11 0.00, 0.22
Tha— VTA/SN - 0.13 —-0.24, -0.02
Hipp — vmPFC - 0.09 -0.21, 0.02
DC - Thal + 0.08 -0.03,0.19
VTA/SN — VTA/SN - 0.15 -0.27, -0.04
VTA/SN - Amyg - 0.10 -0.21,0.01
VTA/SN — dIPFC + 0.11 0.00, 0.21

Only connections surpassing a posterior probability threshold of 0.95 are presented
in this table, and all reported connections have the posterior probability value of
1.00.

All parameters for between region connections are in Hz. Self-connections are
italicized, and values are log-transformed to ensure prior negativity (i.e. inhibitory)
constraints on self-connections. A positive value for self-connection denotes
increased inhibition, a negative value signifies reduced inhibition. Positive
symptoms measured with BPRS positive subscale. Amyg=amygdala; CI=
confidence interval; Hipp = hippocampus; Thal = thalamus.

dysregulation plays a central role in the genesis of psychotic symp-
toms’37° and there is robust evidence for elevated pre-synaptic
dopamine synthesis capacity, as measured with ®F-DOPA, in the
dorsal striatum of patients and at-risk individuals,'®°*
Dopaminergic transmission is influenced by, and influences, FST
function.®%7%77 We therefore set out to identify FST circuit ele-
ments that are associated with striatal F-DOPA in an independent
sample of healthy individuals who underwent concurrent
PET-fMRI.

K. Sabaroedin et al.

Significant associations with dorsal striatal *®F-DOPA in healthy in-
dividuals largely implicated the thalamus (Fig. 4 and Table 4).
Specifically, higher *®F-DOPA was associated with stronger thalam-
ic self-inhibition; stronger thalamic influence over the VTA/SN and
DC; stronger amygdala influence over thalamus; and a weaker in-
fluence of DC on thalamus. Stronger bottom-up influence of the
amygdala on vinPFC was also associated with higher dorsal striatal
'8F-DOPA.

Ventral striatal ®F-DOPA was associated with a distributed set of
extrinsic effective connections centered on midbrain and thalamus
(Fig. 4 and Table 4). Specifically, higher *®F-DOPA was associated
with weaker self-inhibition of NAcc and amygdala, a weaker influ-
ence of these two regions on the thalamus, and a stronger influence
of hippocampus on thalamus. Ventral striatal **F-DOPA was also
associated with greater self-inhibition of the VTA/SN; weaker
bottom-up influences of VTA/SN on the vmPFC and DC; weaker
and stronger top-down influences of DC and hippocampus on
VTA/SN, respectively; and greater DC self-inhibition.

Discussion

FST dysfunction has been identified in psychotic illnesses,? 161820

but a characterization of how causal influences within these cir-
cuits are altered at distinct illness stages has been lacking. Using
spectral DCM, we mapped the effective connectivity of dorsal and
ventral FST circuits in FEP and established SCZ. Both clinical groups
showed consistent disinhibition of VTA/SN and a stronger top-
down inhibitory influence of the thalamus on NAcc. Altered top-
down connectivity from the cortex to subcortex was only identified
in established illness. Positive symptom severity was associated
with a relative disinhibition of the VTA/SN in both illness stages.
Additional associations were otherwise largely confined to subcor-
tical connectivity in FEP and a distributed set of cortical and subcor-
tical connections in SCZ patients. Concurrent PET-MRI in healthy
individuals revealed distinct sets of FST connections associated
with dorsal and ventral dopamine synthesis capacity, with DC
and striatothalamic connectivity associated with both striatal
dopamine synthesis and positive symptom severity. Our findings
indicate that midbrain dysfunction and subcortical dysconnectivity
is prominent in early illness stages, that cortical dysfunction be-
comes more salient in established illness, and that striatothalamic
and nigrostriatal connectivity are related to both striatal dopamine
synthesis capacity and positive symptom severity in patients.

We observed VTA/SN disinhibition across both illness stages, sug-
gesting that it represents a core feature of FST pathology in psych-
osis. Midbrain disinhibition is consistent with elevated striatal
dopamine synthesis.'® Given that we found no evidence of dis-
rupted top-down influences on VTA/SN in FEP in our modelled re-
gions, our findings thus suggest that prior reports of elevated
striatal dopamine in *®F-DOPA and other PET studies across differ-
ent stages of psychosis may be linked to intrinsic dysregulation of
the midbrain.?*’8

Both FEP and SCZ groups also showed increased inhibitory influ-
ence of thalamus over NAcc. Excitatory thalamostriatal projections
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Figure 4 Associations between FST connectivity and striatal dopamine synthesis capacity. (A) Connections associated with dopamine synthesis in the
dorsal circuit. (B) Associations with dopamine synthesis in the ventral circuit. Solid arrows: positive associations between effective connectivity para-
meters and dopamine synthesis; dashed arrows: negative associations between effective connectivity parameters and dopamine synthesis; grey ar-
rows: modelled connections that were not (significantly) different from the prior. For self-connections, solid arrows represent positive associations
between striatal dopamine synthesis and self-inhibition, whereas dashed arrows denote negative associations between striatal dopamine synthesis
and self-inhibition. Connections were thresholded at P> 0.95. Amyg=amygdala; Hipp =hippocampus; Thal = thalamus.

provide feedback for the striatum to maintain bottom-up signalling
to thalamus and cortex in support of specific actions or beha-
viours.”® A greater inhibitory influence of thalamus on NAcc in
both FEP and SCZ thus implies a dysregulation of the thalamostria-
tal feedback pathway. Although this dysregulation was not directly
tied to VTA/SN function in our findings, animal models suggest that
NAcc dysregulation can disinhibit the midbrain in young adult
rats.?®8° Notably, we have recently found that antipsychotics rapid-
ly and preferentially impact thalamo-striatal and thalamo-cortical
functional connectivity in FEP patients,®' suggesting that a remedi-
ation of thalamic interactions with the rest of the brain may be a
key therapeutic mechanism.

SCZ patients showed increased inhibitory influence of VTA/SN
over DC, which may disrupt the capacity of this area to filter infor-
mation through the FST circuits.”®? SCZ patients also showed in-
creased top-down excitatory influence of DC over VTA/SN, which
may reflect a compensatory response to regulate disinhibited sig-
nalling from the midbrain. Given that VTA/SN disinhibition was
also observed in FEP, our findings suggest that an early bottom-up
pathology of the midbrain may evolve to affect striatal function
and potentially dysregulate feedback loops within the dorsal FST
with illness progression. However, we cannot rule out an effect of
medication in the SCZ group and longitudinal data are required to
test this hypothesis.

In FEP, cortical dysfunction was limited to increased dIPFC self-
inhibition. Post-mortem work has identified robust changes in
GABAergic neuron function in patients with established schizo-
phrenia,®® but in vivo studies of FEP patients have been inconsist-
ent, with reports of lower, higher, or no differences in prefrontal
GABA levels.?>328485 Our findings thus suggest that while DLPFC
dysfunction is evident early in psychosis, it does not to play a prom-
inent role in broader FST dysfunction.

Taken together, our DCM analysis indicates that the early phase
of psychosis is associated with prominent dysfunction of

subcortical systems, with alterations in cortico-subcortical con-
nectivity emerging in later illness stages. Intrinsic dysfunction of
the VTA/SN and dIPFC, and altered thalamic regulation over the
NAcc, appear to be stable features of the illness.

Fronto-striato-thalamic connectivity and symptom
severity

A primary role for VTA/SN dysregulation in psychosis is supported
by our observations of consistent correlations between the con-
nectivity of this region and positive symptom severity across ill-
ness stages.’®%¢# However, the specific connections implicated
varied across the patient groups. In the full FEP cohort, greater
positive symptom severity was associated with connectivity be-
tween VTA/SN and limbic subcortical regions, which accords
with a role for hippocampal-midbrain dysregulation identified in
rodent models of psychosis.?® Disinhibition of the vmPFC, another
component of the limbic FST system, was negatively associated
with positive symptom severity across the FEP, FEP-SCZ, and
SCZ patients.®9%°

Reduced influence of VTA/SN on DC was also associated with
greater positive symptom severity in both FEP-SCZ and SCZ pa-
tients. When taken with evidence of robust [*®F]DOPA elevations
in the DC in early psychosis,’®***? our findings of intrinsic dys-
function of the midbrain across illness stages (see also
Modinos et al.,”®> Howes et al.,* and Allen et al.*), and anatomical
studies indicating that midbrain afferents to the dorsal striatum
primarily originate in the SN,® our results identify a close link be-
tween nigrostriatal signalling and the expression of psychotic
symptoms.

Several additional FST elements were consistently associated
with positive symptom severity in both SCZ and FEP-SCZ patients,
although the polarity of associations was often reversed between
the FEP and SCZ groups. This reversal may be due to several factors,
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Table 4 Summary of connections associated with striatal
dopamine synthesis

Connection Positive (+) or Effect 90% posterior CI
negative (—) size (Hz) (lower bound,
association upper bound)

Dorsal striatum

Thal — Thal + 0.10 —0.04, 0.23

Thal - DC + 0.09 -0.040.22

Thal — + 0.12 -0.01, 0.26

VTA/SN

Amyg— + 0.08 -0.05,0.21

vmPFC

Amyg— + 0.11 —0.02,0.24

Thal

DC — Thal - 0.13 —0.26, 0.00
Ventral striatum

Hipp - + 0.16 0.03.0.30

Thal

Hipp — + 0.16 0.03,0.29

VTA/SN

Amyg— - 0.12 -0.25,0.02

Thal

NAcc— - 0.11 -0.24, 0.02

Thal

Amyg — - 0.14 -0.27,0.01

Amyg

NAcc— - 0.14 -0.28, 0.00

NAcc

DC— VTA/ - 0.12 -0.25,0.01

SN

DC— DC + 0.10 -0.03, 0.22

VTA/SN — + 0.10 —-0.05, 0.25

VTA/SN

VTA/SN — + 0.15 0.02, 0.29

vmPFC

VTA/SN — + 0.12 -0.01, 0.25

DC

Only connections surpassing a posterior probability threshold of 0.95 are presented
in this table, and all reported connections have the posterior probability value of
1.00.

All parameters for between region connections are in Hz. Self-connections are
italicized, and values are log-transformed to ensure prior negativity (i.e. inhibitory)
constraints on self-connections. A positive value for self-connection denotes
increased inhibition, a negative value signifies reduced inhibition. Amyg=
amygdala; CI=confidence interval; Hipp = hippocampus; Thal=thalamus.

including differences in the neural correlates of psychotic symp-
toms at different illness stages, an effect of medication in the SCZ
group, or a combination of both. Dopamine is proposed to regulate
neuronal signalling in complex ways, and it is as yet unclear how
dopamine levels at different illness stages relate to measures of
functional or effective connectivity.”*? Precisely understanding
these effects, and the impact of antipsychotic medication, is an im-
portant topic for further investigation.

There was less consistency across the cohorts with respect to
negative symptom associations, with different sets of connections
being associated with symptom severity in the FEP and SCZ groups.
In general, the SCZ cohort demonstrated associations that were
more widespread across the cortical and subcortical regions com-
pared to the FEP and FEP-SCZ groups. Across both FEP and SCZ co-
horts, the dIPFC and subcortical limbic regions, including the
amygdala and the hippocampus, were generally implicated, con-
sistent with evidence of prefrontal and limbic involvement in this
symptom dimension.?*>°

K. Sabaroedin et al.

Dorsal and ventral striatal *®F-DOPA levels were associated with ef-
fective connectivity of distinct FST circuit elements. Most associa-
tions with dorsal striatum '®F-DOPA were limited to the dorsal
FST circuit and involved the thalamus. Two thalamic connec-
tions—an afferent input from DC and the thalamic self-
connection—were also associated with positive symptom severity
in FEP-SCZ patients. The modulation of cortical and thalamic gluta-
matergic signals by striatal dopamine controls striatothalamic fil-
tering and information flow to the cortex, which is thought to
play a central role in the pathogenesis of psychosis.’ The close
link between striatal *®F-DOPA and thalamic connectivity that we
identify here may be related to evidence that antipsychotics prefer-
entially impact thalamo-striatal and thalamo-cortical functional
connectivity in FEP, and can recover FST connectivity following
treatment ®"%

Bidirectional connectivity between the VTA/SN and DC was as-
sociated with dorsal striatal *®F-DOPA. This connection was identi-
fied as dysfunctional in SCZ patients and was correlated with
positive symptom severity in both SCZ and FEP-SCZ. This consist-
ency of findings suggests a close link between nigrostriatal signal-
ling, striatal dopamine synthesis capacity, and positive symptom
severity in patients. Notably, positive symptom severity in FEP
was associated with a reduced influence of VTA/SN on DC, whereas
higher dorsal striatal ®F-DOPA was associated with an increased
afferent influence of VTA/SN. Since patients are known to show
elevated '®F-DOPA in the dorsal striatum,'®*! one might expect a
negative association between striatal ®F-DOPA and VTA/SN-DC
connectivity. One potential explanation is that elevated dopamine
levels lead to compensatory changes in circuit function that affect
the optimal balance of signalling between different regions, thus
resulting in different circuit mechanisms that regulate dopamine
levels in the brains of psychotic and non-psychotic individuals.
Concurrent PET-fMRI in both patients and controls would help to
test this possibility.

Connections associated with ventral striatal *®F-DOPA were dis-
tributed across the ventral and dorsal systems. NAcc projections
are widely distributed in the midbrain and drive dorsal striatal
dopamine levels.® Accordingly, we found that ventral striatal
18F-DOPA was associated with VTA/SN-DC connectivity and inhib-
ition within both regions. VTA/SN-DC connectivity was also dis-
rupted in SCZ patients and associated with positive symptoms in
FEP, suggesting a link between the NAcc’s regulation of midbrain
activity and dorsal circuit dysfunction in patients.”’

We used independent samples to cross-sectionally characterize ef-
fective dysconnectivity across distinctillness stages. This approach
offers a test of consistency across cohorts, but inferences about the
progression of circuit dysfunction must be confirmed longitudinal-
ly, especially given the differences in sample size and symptom se-
verity across the three cohorts.

Psychosis is a highly heterogenous syndrome and diagnostic
differences in our cohort may potentially complicate interpretation
of our results. FST and dopamine dysfunction have been implicated
in the onset of psychotic symptoms, regardless of the underlying
diagnosis. In our past work, we have identified common disrup-
tions of FST functional connectivity across people with FEP,? first
episode mania with psychosis,”® at-risk mental state with
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psychosis,® and in association with high levels of subclinical
schizotypy.*°° Given this evidence for transdiagnostic effects, and
that first-episode diagnoses can sometimes be unstable,*%?
critical to examine the FEP cohort as a group. The similarity in find-
ings obtained with the full FEP and FEP-SCZ sub-groups with re-
spect to subcortical and midbrain dysconnectivity and symptom
associations indicate that diagnostic heterogeneity does not make
a major contribution to our findings.

As the SCZ patients were medicated, the effects of antipsycho-
tics on the brain should also be considered when interpreting the
findings.®" Although we did not find and significant associations be-
tween antipsychotic dose and effective connectivity parameters,
only limited information on medication exposure was available
for this open dataset;** therefore, further investigation of the spe-
cific effects of antipsychotic treatment on FST effective connectiv-
ity is warranted.

Our PEB analysis of the PET data identifies associations with, but
not causal influences on, striatal *®F-DOPA. Further investigation of
patients would be required to identify precisely how effective dys-
connectivity of FST systems leads to dopamine dysregulation in pa-
tients. One interesting future avenue of work could use effective
connectivity measures to develop multivariate predictive models
of symptoms and dopamine synthesis capacity across different
cohorts.

We restricted our analysis to left hemisphere FST ROIs previous-
ly implicated in past work as showing disrupted functional con-
nectivity or as being key elements of FST circuitry.>? This focus
facilitates efficient estimation of DCMs but may miss influences
from other key regions extending beyond the circuits studied
here, such as the anterior cingulate cortex and anterior insula or
even other areas of lateral PFC or thalamus. Recent improvements
in the scalability of DCM'°? may be used to generate more anatom-
ically comprehensive maps of effective dysconnectivity in
psychosis.

itis

Conclusions

Our analysis characterized FST effective dysconnectivity in FEP and
established schizophrenia. Our findings indicate that subcortical
dysfunction features prominently in early illness stages, with cor-
tical abnormalities becoming more apparent later in the illness.
In early psychosis, positive symptoms are associated with midbrain
connectivity, suggesting that aberrant bottom-up signals emanat-
ing from the midbrain may present a key FST feature in the patho-
genesis of psychotic symptoms. In light of other findings strongly
implicating cortical pathology in early illness stages,'**'%*
sults suggest that this pathology may emerge after subcortical dys-
function, or that it may arise in cortical areas that were not
modelled in our analysis. Nigrostriatal and striatothalamic con-
nectivity are closely linked to striatal dopamine levels, while also
being tied to symptom expression in patients. Together, our find-
ings suggest a prominent role for subcortical systems in driving
FST dysfunction in psychosis.
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