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Abstract

Early psychosis (EP) is a critical period for psychotic disorders during which the brain undergoes rapid
and significant functional and structural changes (Shinn et al., 2017). The Human Connectome Project
(HCP) is a global effort to map the human brain’s connectivity in health and disease. Here we focus on
HCP-EP subjects (i.e., those within 5 years of the initial psychotic episode) to determine macro- and
microstructural alterations in EP (HCP-EP sample, n= 179: EP, n= 123, controls, n= 56) and their
association with clinical outcomes (i.e., symptoms severity) in HCP-EP. We carried out analyses of
deformation-based morphometry (DBM), scalar indices from the diffusion tensor imaging (DTI), and
tract-based spatial statistics (TBSS). Lastly, we conducted correlation analyses focused on the
midbrain (DBM and DTI) to examine associations between its structure and clinical symptoms. Our
results show that the midbrain displays robust alteration in its structure (DBM and DTI) in the
voxel-based analysis. Complimentary alterations were also observed for the hippocampus and
putamen. A seed-based analysis centered around the midbrain confirms the voxel-based analysis
of DBM and DTI. TBSS displays structural differences within the midbrain and complementary
alterations in the corticospinal tract and cingulum. Correlations between the midbrain structures
and behavior showed that the quantified features correlate with cognition and clinical scores. Our
findings contribute to understanding the midbrain-focused circuitry involvement in EP and provide a
path for future investigations to inform specific brain-based biomarkers of EP.
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Significance Statement

Psychotic disorders are preceded by a critical period known as early psychosis (EP), where detection
and effective interventions could substantially improve symptoms and have the potential to modify the
subsequent disease course. However, early biomarkers of the disease are not established, and the
current clinical MRI practices do not contribute to diagnosis or treatment. Therefore, identifying critical
and comprehensive features of brain alteration (e.g., via multimodal MRI approaches) for EP is a high
priority for the field to determine future impactful biomarkers. The HCP-EP provides a refined,
high-quality, and specific dataset focusing on the EP period (i.e., those within 5 years of the initial
psychotic episode), which we focus on to provide insights into putative early targets of EP.

Introduction
Early psychosis (EP) represents a critical period in psychotic disorders (Shinn et al.,

2017) when early detection and comprehensive interventions can substantially improveContinued on next page.
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symptom severity and potentially modify subsequent disease course (Kane et al., 2016;
Xiao et al., 2018; Blessing et al., 2020). While the clinical manifestations of EP have
been extensively characterized (Hardy et al., 2019), the development of objective, measur-
able biomarkers that can augment clinical diagnoses and inform actionable targets for
interventions remains limited. A meta-analysis suggests that ∼6% of individuals present-
ingwith first-episode psychosis demonstrate clinically relevant findings onMRI (Blackman
et al., 2023). Clinical findings refer to the overt presentation of lesions or observable radio-
logical outcomes in clinical MR images. The sparse number of positive clinical findings
highlights the need for better and objective MRI biomarkers in EP. Psychotic disorders’
heterogeneity of etiology coupled with distinct effects in the brain suggest that a single
biomarker will not capitulate the critical features of EP; hence, a “biomarker profile” may
be the final goal (Mirzakhanian et al., 2014). Even though several discrete biomarkers
have already been suggested as candidates, there is an outstanding need for comprehen-
sive, in-depth, in vivo brain characterization with robust cognitive, symptom, and func-
tional benchmarks to lead to a “biomarker profile” and inform novel individualized
precision treatments (Ji et al., 2021).
A recent focus in the biomarker search of psychotic disorders is determining network

alterations of the brain’s structure and function (Rubinov and Bullmore, 2013; Braun et
al., 2016; O’Neill et al., 2019). Network modeling studies show that white matter
(i.e., network edges) serves as a conduit of pathology in psychotic disorders, which exac-
erbates pathology in the advanced stage of the disease (Chopra et al., 2023). The anterior
hippocampus is considered a significant network hub of early functional alterations
(Schobel et al., 2013) and serves as a relay for the proliferation of pathology into the pos-
terior and prefrontal cortex (Chopra et al., 2023). Independently, the frontal cortex has also
been shown to display reductions in cortical thickness in clinical high-risk individuals who
subsequently convert to psychosis (Cannon et al., 2015). The cortical and hippocampal
focus has been validated in a recent large-scale machine learning study, which detected
two anatomical network-based subtypes within the EP population: one starting with vol-
umetric reductions in the hippocampus and related subcortical regions (“early subcorti-
cal” subtype) and second, with the initial alterations in insula and Broca’s area cortex
(“early cortical” subtype; Jiang et al., 2023). These subtypes successfully predicted clinical
outcomes, i.e., substantially higher psychosis, depression, and anxiety and general psy-
chopathology scores found in the “early cortical” subtype (Jiang et al., 2023). These find-
ings highlight the capability of MRI approaches to model illness courses; however, prior
reports center around volumetric cortical alterations with a limited focus on subcortical
regions, including those found in the brainstem.
The midbrain is the uppermost region of the brainstem, which lies at the bottom of the

brain, serving as a connector between the spinal cord and the brain. Themidbrain and hip-
pocampus show increased resting cerebral blood flow in ultra-high-risk psychosis individ-
uals (Allen et al., 2016). Individuals with schizophrenia also show reduced functional
connectivity in the hippocampus→midbrain→striatum network (Gangadin et al., 2021).
In addition, PET studies in individuals with schizophrenia demonstrate elevated dopamine
synthesis capacity in the substantia nigra, another hub region of the midbrain, which in
turn is associated with symptom severity in schizophrenia (Howes et al., 2013).
Increased activation of the midbrain in response to neutral stimuli has been suggested
as a functional MRI biomarker of delusions in schizophrenia (Romaniuk et al., 2010).
The midbrain structure called the ventral tegmental area (VTA) is a critical brain region
for reward learning and memory and is impaired in the early stages of psychosis. The
VTA→hippocampal functional connectivity is increased in EP, while VTA→striatal connec-
tivity is reduced (Gregory et al., 2021; McHugo et al., 2021), suggesting differential effects
of midbrain circuits mediating seemingly contradictory effects in behavior (i.e., hypodopa-
minergic anhedonia vs hyperdopaminergic delusion or paranoia). Putatively, the midbrain
modulates traditional cortical alterations in psychotic disorders in a way that transcends
the conventional dopaminergic focus of the midbrain (the midbrain is the brain’s center
for the synthesis of dopamine). The prior work shows that the midbrain is a critical region
affected by EP (Bielawski and Bondurant, 2015) and potentially a crucial player in the func-
tional outcomes of EP and psychotic disorders. Still, only a few studies aim to characterize
midbrain’s morphological and microstructural alterations in EP.
In this study, we used publicly available data from the HCP-EP, aimed to generate a

high-quality, comprehensive dataset in individuals with early-course psychosis (i.e., within

The NIH/NIMH had no further role in
study design, data analyses, and
interpretation of findings in the writing
of the manuscript or in the decision to
submit the manuscript for publication.

Correspondence should be addressed
to Luis Colon-Perez at luis.colon-
perez@unthsc.edu.

Copyright © 2025 Zhou et al.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution 4.0
International license, which permits
unrestricted use, distribution and
reproduction in any medium provided
that the original work is properly
attributed.

Research Article: New Research 2 of 12

March 2025, 12(3). DOI: https://doi.org/10.1523/ENEURO.0361-24.2025. 2 of 12

mailto:luis.colon-perez@unthsc.edu
mailto:luis.colon-perez@unthsc.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/ENEURO.0361-24.2025


5 years of psychosis onset) to characterize seed-based and voxel-based level alterations in midbrain and their behavior
relationships to determine the relevance of midbrain to common alterations in EP and psychotic disorders.

Materials and Methods

Participants. The HCP-EP dataset comprises 251 subjects (183 EP and 68 matched healthy controls, Release 1.1). We
included subjects with T1w and DTI data (123 EP and 56 controls). The EP cohort consisted of subjects within 5 years of
psychosis onset, including affective and nonaffective psychoses. Inclusionary diagnoses were DSM-5 (American
Psychiatric Association, 2022) diagnosis of schizophreniform disorder, schizophrenia, schizoaffective disorder, psychosis
unspecified type, delusional disorder, or brief psychotic disorder, major depressive disorder with psychotic features (sin-
gle and recurrent episodes), or bipolar disorder with psychotic features (including most recent episode depressed and
manic types), all with onset within 5 years before study entry. We obtained approval from NIH/NIMH through a Data
Use Certification agreement (OMB Control Number: 0925-0667).

MRI. This study focused on the (1) T1w MPRAGE (0.8 mm isotropic resolution) and the (2) diffusion-weighted MRI
sequence [multiband acceleration factor of 4, 92 directions in each shell (b=1,500 and 3,000) acquired twice: once
with AP and once with PA phase encoding]. More details on the data acquisition parameters can be found on
the HCP-EP website. (https://www.humanconnectome.org/storage/app/media/documentation/HCP-EP1.1/Appendix_
1_HCP-EP_Release_Imaging_Protocols.pdf)

Voxel-based morphometry and deformation-based morphometry. We employed Anatomical Normalization Tools
(ANTs) for the whole-brain T1 structural analysis. We used 123 EP subjects and 53 controls with complete T1w images
that passed quality control procedures. To examine whether results are reproducible over distinct template spaces, the
voxel-basedmorphometry (VBM; Ashburner and Friston, 2000) procedurewas executed thrice using three distinct structural
atlases (two general atlases and one local template): (1) the common standard template MNI152, (2) OASIS (Marcus et al.,
2010), and (3) a local template constructed from 56 healthy controls (ANTs’ antsMultivariateTemplateConstruction2). Each
T1w image was registered (ANTs’ antsRegistrionSyN) onto each template, for VBM (Antonopoulos et al., 2023). In addition,
we employed deformation-based morphometry (DBM) to capture the spatial variability of shape changes among the defor-
mation fields from image registration (Chung et al., 2001). DBM measures variabilities of the registration movements using
the mathematical quantity Jacobian determinant. In contrast, VBM measures the variabilities in image intensity differences
and is considered to somewhat overlook spatial shape changes during linear and nonlinear image registration steps. DBM
performs a similar statistical analysis to VBMbut considers the values of Jacobian determinant, whose value ranges∼1, indi-
cating regional shrinkage for values <1 and regional expansion for values >1.

DTI and tract-based spatial statistics. Diffusion data was motion corrected (FSL’s eddy), skull stripped (FSL’s brain
extraction tool), and corrected for field inhomogeneities (FSL’s topup). The scan motion was estimated by FSL’s eddy
and display low motion artifacts (Table 1). We compared results from the data with and without outliers’ correction and
found similar outcomes; hence in order to minimize the steps of manipulation, we continue our analysis with the prepro-
cessing steps outlined above.We generated DTI indices (FSL’s dtifit): fractional anisotropy (FA), mean diffusivity (MD), and
axial diffusivity (AD). Then, the data was registered to theMNI atlas and analyzed for group differences at the voxel level by
t tests, similar to VBM. Tract-based spatial statistics (TBSS) was performed based on FAs following the FSL’s TBSS guide-
lines (FSL’s randomize, 123 EP subjects and 56 controls with complete and adequate DW images; Smith et al., 2006).

Midbrain-focused analyses. Given the vital role of the midbrain in psychotic disorders pathophysiology, we segmented
the midbrain region of interest (ROI) using FreeSurfer and manually removed the portions corresponding to the pons and
medulla. We used the first slice where there was a clear distinction of the pons as a marker of the inferior portion of the
midbrain. This segmented midbrain structure was then registered to all DTI scalar maps for seed-based analysis of DTI
indices.

Symptom data. The Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987) and the Clinical Assessment
Interview for Negative Symptoms (CAINS; Kring et al., 2013) were obtained as part of the behavioral dataset of the

Table 1. Scan in motion parameters

OL%/sub # sub OL >3% GP cor OL%/sub # sub GP cor OL >3%

EP 0.7% 2 0.3% 1
Controls 0.3% 0 0.2% 0

The average percentage of outliers per subject (OL%/sub) is low for EP subjects and controls, and the total number of subjects with outliers larger than 3%were only 2
in the EP group. Applying aGaussian process correction to all outliers slides reduced this numbersmarginally without a significant change in results. OL, outliers; sub,
subject; GP, Gaussian process; cor, corrected.
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HCP-EP. Both scales are well validated, reliable, and extensively utilized in the assessment of current symptom severity in
psychosis populations, including EP. Each section of the PANSS test displays an internal reliability of 0.73, 0.83, and 0.79
for positive, negative, and general psychopathology scales, respectively, and interrater reliability of r=0.83, 0.85, 0.87 for
positive, negative, and general psychopathology scales, respectively (Kay et al., 1988); meanwhile, the CAINS has an
internal reliability of 0.76 and test–retest reliability of r=0.69. (Kring et al., 2013)

Statistical analyses. VBM and DBM statistics were completed in Python using Numpy and Scipy packages with voxel-
wise t tests (alpha = 0.05) followed by familywise error rate correction using the false discovery rate. FA, AD, and MDmap
voxel-level t tests (alpha = 0.05) were completed using the same Python-based approach. Seed-based midbrain out-
comes were analyzed using Welch two-sample t tests on the mean FA, AD, and MD maps in R with the t test function
and shown with a violin plot using the ggplot function. The TBSS was carried out on FA maps, in which the general linear
model steps were done using the FSL randomise function with 1,000 permutations. The correlation analyses examined
associations between the symptom scales (PANSS and CAINS), volume measures (i.e., whole-brain Jacobian determi-
nant, midbrain volumes), and DTI indices in the EP group in R using paris.panels from the package PerformanceAnalytics.

Results
The total dataset consisted of 179 subjects (EP and controls), with 68.7% being males and 31.3% females, evenly dis-

tributed in EP (males, 61%; females, 37.4%) and controls (males, 64.3%; females, 35.7%) subsets (Table 2). Subjects were
primarily right-handed (EP, 85.4%; controls, 80.4%). The EP cohort included 75.6 and 24.4% nonaffective and affective
psychosis subjects, respectively.
The DBMmethod is agnostic to tissue type and relies on image contrast for displacements in the registration; therefore,

DBM does not suffer from tissue misclassification as VBM and is potentially more sensitive than VBM to subtle alterations
comparing healthy and patient populations (Manera et al., 2019). DBM revealed significant between-group morphological
alterations, indicating higher displacement (i.e., Jacobian determinant values) in frontal regions and the superior regions
within the midbrain in EP versus healthy controls (Fig. 1). In contrast, the standard VBM yielded no significant
between-group differences. All three templates produced similar patterns, indicating the reproducibility of volumetric
alterations in EP versus controls and highlighting the same regional alterations throughout the brain independent of the
segmentation (i.e., tissue classification) template. In addition, we could show DBM alterations in the hippocampus, frontal
cortex, insula, putamen, and cerebellum (Fig. 1).
To determine alterations in white matter microstructure between EP and controls, we obtained DTI indices: whole-brain

maps of FA, AD, and MD. Susceptibility artifacts were modeled by AP and PA acquisition and corrected to improve image
quality. FA maps registered to the MNI152 template revealed significant between-group differences in several white mat-
ter tracts (corpus callosum, cingulum, and internal capsule), with lower FA in EP versus controls (Fig. 2). The voxel-based
analysis shows alterations in voxels in themidbrain; significantly lower FA indices were seen at the cerebral peduncles and
regions adjacent to VTA in EP versus controls, as shown in Figure 2. MD maps showed substantially higher (e.g., in the
corpus callosum, midbrain, and basal ganglia regions) and lower (in the medial temporal lobe) MD in EP versus controls.

Table 2. Demographic characteristics of the HCP-EP dataset

EP, n=123 Controls, n=56

Age, years, mean (SD) 23.06 (3.64) 24.43 (4.27)
Sex, n (%) M: 75 (61.0%) M: 36 (64.3%)

F: 46 (37.4%) F: 20 (35.7%)
N/A: 2 (1.6%)

Handedness, n (%) Right: 105 (85.4%) Right: 45 (80.4%)
Left: 10 (8.1%) L: 10 (17.8%)
Ambidextrous: 5 (4.1%) Ambidextrous: 1
N/A: 3 (2.4%) (1.8%)

Psychosis phenotype, n (%) Affective: 28 (24.4%) NA
Nonaffective: 93 (75.6%)

Lifetime antipsychotic medication exposure: months, mean (SD) Yes: 97 (78.9%) NA
No: 26 (21.1%)
14.06 (15.58)

Race/ethnicity, n (%) Asian: 9 (7.3%) Asian: 7 (12.5%)
Black: 45 (36.5%) Black: 5 (8.9%)
Hispanic/Latino: 4 (3.2%) Multiracial: 9 (16.1%)
Multiracial: 7 (5.6%) White: 34 (60.7%)
White: 58 (47.1%) N/A: 1 (1.8%)
N/A: 2 (1.6%)

One EP subject did not have demographic data reported.
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Figure 1. Volumetric differences in the EP versus healthy control groups. Volumetric differences are estimated from the DBMparameter using the Jacobian
determinant results. Volumetric differences are shown with (A) axial sections, (B) coronal sections, and (C) sagittal sections. Yellow represents voxel-wise
volume increases, and red represents reductions in EP versus healthy controls (t>2.2, q<0.05).

Figure 2. Fractional anisotropy differences in the EP versus healthy control groups. A, Axial, (B) coronal, and (C) sagittal sections of FA alterations between
EP and controls. Differences are estimated from the FA maps registered to MNI space and following a t test. Hot colors represent reductions in FA, while
cool colors refer to increases in FA between healthy controls and EP cohorts larger than t>6 and q<0.0001.
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The MD alterations in the midbrain were localized to the VTA area (Fig. 3). The AD maps displayed between-group differ-
ences mainly in the ventricular and peripheral CSF spaces, with lower AD in EP versus controls (Fig. 4). Notably, the AD
results also indicated alterations in the midbrain regions (i.e., in peduncles and areas adjacent to VTA and substantia
nigra), like those captured in FA maps. All DTI indices display significant alterations in the cerebellum.
In addition to the DTI indices, we carried out TBSS to extract more granular information about major white matter tracts.

TBSS projects tract data onto an artificially constructed “skeleton” (Fig. 5, green) of all white matter tracts. TBSS then per-
forms a statistical analysis of the FA maps over this “skeleton.” TBSS results revealed significantly higher FA values in EP
than controls in multiple tracks, with the highest effect sizes in the midbrain, cingulum, and corpus callosum. TBSS high-
lighted significant FA reductions in white matter tracts within the midbrain in EP versus controls.
As the next step, a midbrain ROI was generated from FreeSurfer v.6.0. Destrieux atlas (https://mindboggle.info/data.

html; Klein and Tourville, 2012). A seed-based analysis used the midbrain ROI on the Jacobian determinant, midbrain vol-
umes, FA, MD, and AD to determine specific midbrain macro- and microstructural differences between EP and controls.
The results showed no significant differences in the measures of Jacobian determinant (t=0.96, p=0.33) or native
midbrain volumes (t=−1.61, p=0.11). However, there were significant between-group differences in FA (t=−11.58,
p = 2.2 × 10−16), AD (t=2.33, p=0.02), and MD (t=5.23, p=1.06 × 10−6) in the midbrain (Fig. 6).
The symptom metrics (i.e., PANSS and CAINS) displayed significant correlations between themselves, except

for CAINS and the PANSS General Psychopathology subscale (r2 = 0.18, p=0.056, trend). Among the MRI outcomes
(i.e., ROI means of Jacobian determinant, midbrain volumes, and the mean of DTI indices), the midbrain volume negatively
correlated with MD (r2 =−0.30, p=0.001), AD (r2 =−0.24, p=0.012), and FA (r2 =−0.238, p=0.012). The midbrain AD
correlated with MD (r2 = 0.953, p<0.001), but FA did not correlate with either (Fig. 7). The Jacobian determinant did not
correlate with any other MRI metrics.
The correlation analyses between symptom scores (i.e., PANSS, CAINS) and MRI-derived measures (i.e., volumetrics

and DTI) showed significant correlations betweenmidbrain volume and symptom severity. Themidbrain volume displayed
significant negative correlations with the PANSS total score (r2 =−0.239, p=0.011), Positive Symptoms subscale score
(r2 =−0.203, p=0.032), General Psychopathology subscale score (r2 =−0.247, p=0.009), and the trend-level negative
correlation with the Negative symptoms’ subscale score (r2 =−0.168, p=0.077). The CAINS did not correlate with
any of the MRI-derived measures. The midbrain FA showed significant negative correlations with the PANSS total
score (r2 =−0.212, p=0.026), General Psychopathology score (r2 =−0.222, p=0.019), and Negative symptoms score
(r2 = 0.246, p=0.009); in addition, there was a trend for the CAINS score (r2 =−0.166, p=0.081). The MD showed a

Figure 3.Mean diffusivity alterations in EP. A, Axial, (B) coronal, and (C) sagittal sections of FA alterations between EP and controls. Differences in MD are
estimated from the MD maps registered to MNI space and following a t test. Hot colors represent reductions in MD, while cool colors refer to increases
between healthy controls and EP cohorts larger than t>6 and q<0.0001.
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significant positive correlation with the PANSS Positive symptoms score (r2 = 0.191, p=0.045). The AD did not correlate
with any symptom metric.

Discussion
This study consistently identified midbrain alterations using the whole-brain and region-specific analyses of volumetric,

microstructure, and connectivity analysis in the publicly available HCP-EP sample. Alterations in midbrain were

Figure 5. White matter alterations in EP. TBSS maps report differences from the corrected t test following TBSS pipelines. Heat maps represent relative
differences between healthy controls and EP cohorts larger than t>2 and q<0.05.

Figure 4. Axial diffusivity differences in EP. A, Axial, (B) coronal, and (C) sagittal sections of AD alterations between EP and controls. Differences in AD are
estimated from the AD maps registered to MNI space and following a t test. Hot colors represent reductions in AD, while cool colors refer to increases
between healthy controls and EP cohorts larger than t>6 and q<0.0001.
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accompanied by widespread cortical and white matter alterations in frontal, temporal, and cingulate cortical regions, cer-
ebellum, corticospinal, and corpus callosum white matter tracts. DBM shows significant differences around the midbrain
and hippocampus. The DTI analysis displays extensive FA, AD, andMD alterations in several brain regions and white mat-
ter tracts, especially around the midbrain, confirmed by a seed-based analysis of DTI metrics. The midbrain volume in EP
subjects significantly correlated with several behavior indices and all DTI indices. The correlation analyses determined that
FA midbrain values are associated with the severity of positive, negative, and general psychopathology PANSS-based
symptoms. TBS, as a proxy of altered connectivity, revealed deep WM and midbrain tract alterations in EP subjects,
mainly in the corpus callosum, cingulum, and cerebral peduncles white matter tracts.
Several reports describe brain structure volumetric alterations in EP subjects. In addition to DBM changes to midbrain,

we highlight medial temporal lobe alterations (i.e., the hippocampus), striatum, and insula consistent with prior DBM find-
ings in first-episode schizophrenia individuals (Torres et al., 2016). EP reductions have been reported in the frontotemporal
region and left postcentral gyrus (Kolenič et al., 2020), hippocampus (Briend et al., 2020; McHugo et al., 2021, 2024;
Brunner et al., 2022), the temporal cortex, frontal cortex (Yang et al., 2022), precentral cortex, and insula (Garcia-Marti
et al., 2023). EP subjects also display volume reductions in precuneus, uncus, and amygdala (Canal-Rivero et al.,
2020). These alterations have been confirmed not only in volume but also in cortical thickness. In a first-episode psychosis

Figure 7.Relationships between the PANSS andCAINS symptom scores and Jacobian determinant, midbrain volumes, andDTI indices ofmidbrainmicro-
structure. The diagonal shows the distribution of each score (PANSS, CAINS, volumetrics, or DTI). Highlighted portions: turquoise, PANSS scores; red,
T1 W volumetrics; orange, DTI measures; green, volumetrics versus PANSS; purple, DTI versus PANSS; blue, volumetrics versus DTI. The bottom quad-
rant shows the scatterplots with fitted correlation, and the top quadrant shows r2 of the correlation (*p<0.05, **p<0.01, and ***p<0.005). The midbrain
volume scale is given by #×104 and the AD and MD are in the #×10−4 for ease of reading.

Figure 6. The grouped subfigures are violin plots of the distributions of midbrain microstructural alterations in EP versus healthy controls in ROI means of
Jacobian determinant (A), midbrain ROI volume (B), and ROI means of FA (C), AD (D), and MD (E) maps. And their Welch two-group t test results,
respectively.
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cohort, it was found that cortical thickness, surface area, and subcortical volumes display significant variability, and the
researchers propose further examination to determine trajectories (Antoniades et al., 2021). EP subjects show clusters of
reduced white matter and lower GM volume in the left median cingulate cortex, cerebellum, inferior parietal gyrus, and
thalamus (Si et al., 2024). The thalamus displays volume reductions coinciding with microstructural (assessed with DTI)
alteration in EP subjects (Alemán-Gómez et al., 2020, 2023). Our work largely confirms prior reports and positions themid-
brain as an altered foci early in the psychotic disorders and EP.
Alterations in gross anatomy also imply microscopic alterations in EP. A cohort of clinical high-risk individuals shows

cerebellum differences in FA and radial diffusivity (Fitzsimmons et al., 2020). Reductions in FA along white matter tracts
connecting the limbic striatum with the limbic cortical network and the anterior external capsule segment connections to
the right prefrontal cortex are a proxy for psychosis risk (Straub et al., 2020). Ultra-high-risk psychosis subjects show
increased radial diffusivity in the left anterior thalamic radiation and reduced bilateral thickness across the frontal, tempo-
ral, and parietal cortices (Tomyshev et al., 2019). EP individuals exhibit lower FA in the fornix, smaller hippocampal vol-
umes (Baumann et al., 2016), and reduced mean kurtosis values in the thalamic regions (Cho et al., 2019). There is a
significant microstructural asymmetry of the superior longitudinal fasciculus in clinical high risk for developing psychosis
females compared with control females. Still, there is no hemispheric difference between clinical high-risk for developing
psychosis versus control males (Steinmann et al., 2021). The structural alterations in EP are even present from an early
age. Young subjects with subclinical psychotic experiences show lower mean and radial diffusivity in the arcuate fascic-
ulus (Dooley et al., 2020). EP subjects also display alterations in quantitative anisotropy in the corpus callosum, cerebel-
lum, and peduncles (Moghaddam et al., 2024). We validated these discrete findings in a model-free approach using a
voxel-based analysis of DTI indices. Lower FA in regions proximal to the superior longitudinal fasciculus and corticospinal
tract bilaterally and in the left inferior frontal-occipital fasciculus and inferior longitudinal fasciculus are related to higher
psychotic episodes at baseline (DeRosse et al., 2017). The myriads of microstructural alterations over disparate brain
regions observed in our study and discussed here indicate that network-level mechanism may be a potential biomarker
for EP that may provide relevant insights about functional alterations in EP and the midbrain also is a critical player in this
dysfunction.
The structural alterations in EP are associated with behavioral alterations in EP as we describe in this study. Prior EP

studies suggest that alterations in regional brain activity, gray and white matter structure, and connectivity precede
and predict the psychosis onset (Keshavan et al., 2011; Schobel et al., 2013; Cao et al., 2019; Lewandowski et al.,
2020). These early brain-based disease markers are associated with cognitive and symptom manifestations in clinical
high-risk/EP populations (Jalbrzikowski et al., 2021). Frontal and parietal cortical volume loss EP is associated with work-
ing memory disruptions (Rapado-Castro et al., 2021). The mean kurtosis in the thalamus and the orbitofrontal cortex cor-
relatedwith spatial workingmemory accuracy in EP subjects; in contrast, no such significant correlationswere observed in
healthy subjects (Cho et al., 2019). The laterality index of superior longitudinal fasciculus III for clinical high-risk developing
psychosis females correlated negatively with poorer working memory functioning (Steinmann et al., 2021). Prior studies
point to reduced FA and higherMD in the superior longitudinal fasciculus and inferior frontal-occipital fasciculus in EP, and
these are associated with hallucination severity (Sato et al., 2021). Processing speed in EP is associated with the structural
connectivity of superior frontal gyri, precuneus, somatomotor, temporal-mesial cortices, thalamus, superior-parietal cor-
tex, caudate, pallidum, and lateral-occipital cortex, and clinical subtypes of EP are characterized by distinct brain-
connectivity profiles (Griffa et al., 2019). In our study, we also show that midbrain is associated clinical markers of
PANSS implying that midbrain alterations are also relevant to the development of the disease. The reported associations
between brain structure and symptoms suggest that the EP alterations in brain changes are putative markers of EP devel-
opment and the midbrain could be an equally relevant structure in the etiology of EP.
The significance of the midbrain could be related to a dopamine-related alteration. With the HCP-EP data cannot deter-

mine the validity of this assertion but is a reasonable candidate since dopamine is an extensively studied target in psy-
chotic disorders since most approved treatments focus on blocking D2 action. The midbrain is the primary source of
dopamine synthesis, suggesting it could be an essential rain region that alters and mediates network changes in EP.
The dopamine synthesis and signaling alterations in the midbrain and striatum are downstream effects from the primary
glutamatergic and GABAergic from the upstream limbic system (Lisman et al., 2008; Lodge and Grace, 2011), suggesting
a multiple systems disorder and close relationship between the hippocampus and midbrain that may extend beyond
dopamine. In fact, midbrain dopamine neurons inhibit striatum by the release of GABA which may also contribute to
our observed changes due to membrane uptake of GABA (Tritsch et al., 2014). Additionally, norepinephrine which is syn-
thesized in the pons from dopamine can also inhibit dopamine neurons in midbrain (Paladini and Williams, 2004). Even
though multiple candidates are mechanistic targets for the observed alteration of midbrain in EP, another avenue may
be in network brain changes.
Our results consistently observed several alterations in the midbrain and hippocampus. In our multimodal analyses,

morphological, microstructural, and tract-based alterations in the midbrain emerged as a critical hub in EP. However, oth-
ers could be equally important in the etiology of psychotic disorder. A networkmodeling provides insights about two puta-
tive trajectories of psychotic disorders, highlighting two distinct regional starting points. One trajectory starts in Broca’s
area and the insula, then propagates into frontal and medial temporal regions, and concludes in the cerebellum and sub-
cortical areas (Jiang et al., 2023). The second trajectory initiates in the hippocampus and amygdala; then the
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parahippocampus, thalamus, and nucleus accumbens; then the caudate and insula; then the putamen; and concludes in
several cortical areas (Jiang et al., 2023). Most of these areas were observed in our study, suggesting that midbrainmay be
an important target, and it must be included to determine distinct phenotypes of psychotic disorders. The network mod-
eling also shows that the structural alteration correlates with PANSS positive and negative symptoms (Moghaddam et al.,
2024) as we report for midbrain structural features. The networkmodeling of Jiang et al. (2023) also relied on VBManalysis,
which usually suffers from potential limits from its segmentation step. Even though wemake the argument of DA and mid-
brain due to its understudied nature and putative relevance because of currently approved treatments, we have to recog-
nize other regional markers that have been implicated in schizophrenia, such as serotonin hyperactivity(Mahdiar et al.,
2023) and alterations in neuroinflammatory signaling via increases in IL6 and TNFα (Purves-Tyson et al., 2019) that
may be important players in the distributed alterations among several brain regions reported in this article.
Several limitations of the study should be noted. First, the cross-sectional nature of the HCP-EP sample limits our ability

to examine the structural brain alterations along the specific epochs/trajectories of evolving psychosis, e.g., “early” clinical
high risk versus “late” clinical high risk versus EP. One of the strengths of our analyses is its multimodal approach, which
incorporates DBM, seed-based volume analysis, voxel-based DTI analysis, and seed-based analysis of DTI metrics.
However, other diffusion approaches, such as NODDI (Zhang et al., 2012), may provide more specific markers of the
microstructural basis of the alterations in DTI metrics. This study focused on brain structure alterations in EP; hence,
the potential alterations in functional networks have not been examined. Our future work will expand these findings
to (1) determine the topological alterations in brain structure using tractography and volume analysis of white matter tracts
associated with psychotic disorders, (2) sex differences in EP, and (3) functional connectivity analysis of resting state
networks.
In conclusion, our results suggest that the midbrain structure, microstructure, and connectivity is altered in EP and we

posit that it may be a strong contributor to a future putative “biomarker profile” (Mirzakhanian et al., 2014) of EP. Ongoing
work highlights the altered brain network hypothesis but usually omits the midbrain. Our study presents evidence of
macro- and microstructural midbrain alterations in the early-course phase of psychotic disorders co-occurring with sev-
eral brain regions that have gained more attention (e.g., hippocampus, insula, and frontal cortex). Employing an assay of
multimodal MRI with the high-quality, large, publicly available dataset (HCP-EP), EP subjects show that alterations in fron-
tal and temporal (Keshavan and Amirsadri, 2007) regions were concomitant with midbrain highlighting its prominence in
EP, leading us to advocate for its role in the network-level alteration early in the development of psychotic disorders.
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