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Abstract

Background: Thalamic abnormalities have been implicated in schizophrenia, but their early role remains unclear. This study investigated
structural and functional alterations of thalamic subregions in drug-naive first-episode schizophrenia (FES) patients and ultra-high-risk
(UHR) individuals, and explored their associations with serum short-chain fatty acids (SCFAs). Methods: This cross-sectional study
included 102 FES patients, 72 UHR individuals, and 69 healthy controls (HCs). Structural magnetic resonance imaging (MRI) data
were available for all participants, and functional MRI and SCFA measurements were conducted in subgroups (functional MRI (fMRI):
76 FES, 63 UHR, 61 HC; SCFA: 59 FES, 51 UHR, 40 HC). Results: Thalamic volume was smaller in FES compared to HCs, with
atrophy present specifically at the psychotic stage, particularly affecting the right thalamus and nuclei including the mediodorsal medial
magnocellular (MDm), ventromedial (VM), and ventral posterolateral (VPL). Functional connectivity (FC) disruptions were observed in
the left sensory thalamus with cortico-striatal-thalamic circuits and in the right occipital thalamus with fronto-temporal regions. Thalamic
volumetric deficits correlated with negative and disorganized symptoms in both clinical groups. Serum SCFAs showed several significant
associations: in the UHR group, FC between the right occipital thalamus and the left medial frontal cortex was negatively associated
with acetic acid and total SCFA levels; in FES patients, centromedian nucleus volume was positively correlated with acetic acid; and
in HCs, butyric acid was inversely correlated with the volume of the mediodorsal (MD) lateral nucleus. Conclusions: These findings
highlight early thalamic subregional alterations in psychosis risk and co-occurring changes in gut-derived metabolites. Whether and how
these changes are related remains a question for future research.
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Main Points deficits [1,2]. Its etiology involves a combination of genetic
predisposition and environmental risk, leading to a range
of brain structural abnormalities. Gray matter deficits and
functional disruptions are widely observed in SCZ [3], in-
cluding abnormalities in subcortical structures such as the
hippocampus, thalamus, and caudate. Studies have shown

that these abnormalities may even precede the onset of clin-

1. Progressive thalamic atrophy from healthy controls
(HCs) to first-episode schizophrenia (FES) patients, espe-
cially in right-sided nuclei.

2. Thalamic subregions show distinct structural and
functional alterations in both the ultra-high-risk (UHR) and

FES groups.

3. Volume loss correlates with symptom severity in
negative and disorganized domains.

4. Short-chain fatty acids (SCFAs) are associated with
thalamic structure and function, hinting at gut—brain inter-
actions in early psychosis.

1. Introduction

Schizophrenia (SCZ) is a severe neurodevelopmental
disorder typically emerging in adolescence or early adult-
hood, characterized by psychiatric symptoms and cognitive

ical symptoms [4,5]. That fact suggested that structural al-
terations in subcortical nuclei may be involved in the patho-
physiological mechanisms of SCZ [6,7,8]. Given the cen-
tral role of subcortical structures in early disease devel-
opment and their potential as therapeutic targets, there is
a pressing need to conduct well-controlled neuroimaging
studies in carefully characterized samples to further elu-
cidate the contribution of subcortical structures to disease
mechanisms and to identify novel intervention opportuni-
ties.
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Although numerous studies have investigated thala-
mic alterations in SCZ, their findings remain highly incon-
sistent, likely due to substantial heterogeneity across study
samples. For example, Wang et al. [9] reported increased
functional connectivity (FC) in first-episode schizophre-
nia (FES) patients, a finding that contrasts with studies
using mixed-stage SCZ samples [9]. Additionally, thala-
mic volume changes are primarily left-sided in SCZ, but
more pronounced on the right side in FES. These inconsis-
tent findings hindered our understanding of disease mech-
anisms, thus requiring validation and clarification. Drug-
naive FES patients offer a clearer picture, because there are
no confounding effects of disease duration and medication,
thereby offering a more accurate exploration of the brain
structural and functional changes directly attributed to the
disease.

In addition to the post-onset stage, the prodromal
phase of SCZ, often referred to as the ultra-high risk (UHR)
stage, also provides valuable insights into the underlying
mechanisms of the disorder. Studies have shown that UHR
individuals exhibited lower volumes and altered FC, par-
ticularly in the striatum and thalamus, during the early
stages of psychosis [4]. These findings aligned with the
view that the UHR stage represents a critical period in
which early neurodevelopmental vulnerabilities may be-
come functionally manifested, setting the stage for potential
illness progression. The cerebello-thalamo-cortical path-
way has been suggested as a location for a trait-specific
biomarker for SCZ [10]. Fryer et al. [5] showed that tha-
lamic dysconnectivity occurred before the onset of illness,
and that these changes were more pronounced during the
early stages. Furthermore, structural deficits in hippocam-
pus, amygdala and thalamus have been observed in UHR
individuals [11,12]. These results suggested that structural
and functional abnormalities in subcortical structures, par-
ticularly in thalamus, may already be present at the UHR
stage [13,14,15,16]. In addition, studies found that reduced
thalamic volume, disrupted thalamus-cortical dysconnec-
tivity, and aberrant laterality also consistently occurred in
FES patients [15,17,18,19,20,21,22]. Therefore, thalamic
abnormalities may span the entire course of SCZ, both pre-
and post-onset. Notably, the thalamus is a highly hetero-
geneous structure, composed of multiple nuclei with dis-
tinct cellular compositions and specific anatomical connec-
tions to both the cortex and subcortex. Several studies have
suggested that abnormalities in the anteroventral, centro-
median, medial dorsal, and pulvinar nuclei are central to the
pathology hypothesis of SCZ [23,24,25,26,27]. However,
many SCZ studies considered the thalamus as a whole and
overlooked its heterogeneous structure, especially in UHR
and FES studies. Therefore, further research is needed.

Recent evidence has suggested that gut microbiota-
derived short-chain fatty acids (SCFAs) may play
a role in the pathophysiology of SCZ through sys-
temic immunomodulatory and epigenetic mechanisms

[28,29,30,31]. Our previous work further indicated that
specific anti-inflammatory SCFAs were lower than normal
in both UHR and FES individuals [32]. Critically, as a
central hub for sensory integration and corticocortical
communication, the thalamus, particularly its anterior and
mediodorsal nuclei connected to the prefrontal and limbic
systems, is a site of early neurodevelopmental disruption in
psychosis [19]. These circuits are known to be sensitive to
metabolic and neuroinflammatory states, which SCFAs are
positioned to modulate. However, direct evidence linking
SCFAs to thalamic integrity in SCZ is lacking.

To address this gap, we conducted a multimodal study
in both UHR and FES individuals. We hypothesized that:
(1) Structural and functional abnormalities in the thalamus
occur at an early stage of SCZ, even prior to the onset
of SCZ, contributing to the subclinical or clinical symp-
toms in UHR and FES individuals; (2) SCFAs relate to
SCZ pathophysiology not in a diffuse manner, but specif-
ically through associations with the integrity of discrete
thalamic subregions and their corticothalamic circuits. In
the present study, we explored thalamic nuclei alterations
at early stages of SCZ and measured their neuroimmune
mechanisms.

2. Materials and Methods
2.1 Participants

Patients with FES and individuals at UHR of SCZ
were recruited from the outpatient units of the Department
of Psychiatry, Second Xiangya Hospital of Central South
University (Changsha, China) between 2015 and 2022. Par-
ticipants were aged 13-30 years. FES patients were di-
agnosed using the structured clinical interview (SCID) ac-
cording to Diagnostic and Statistical Manual of Mental Dis-
orders, Fourth Edition (DSM-IV) criteria for SCZ. All in-
cluded FES patients met the criteria for first-episode SCZ,
had a duration of illness of less than two years (average ill-
ness duration: 8.27 &+ 3.21 months), and had never received
any psychotropic medication prior to assessment.

UHR individuals were evaluated using the struc-
tured interview for prodromal syndromes (SIPS) [33], and
met at least one prodromal syndrome: Attenuated Posi-
tive Syndrome (APS), Brief Intermittent Psychotic Syn-
drome (BIPS) and Genetic Risk and Deterioration Syn-
drome (GRDS).

Clinical symptoms were assessed using the Positive
and Negative Syndrome Scale (PANSS) for FES patients
and the Scale of Prodromal Symptoms (SOPS) for UHR in-
dividuals.

HCs were recruited from local schools in Changsha
through advertisements. All HC participants were screened
by two psychiatrists using the Structured Clinical Interview
for DSM-1V, Non-Patient Version (SCID-NP), and none
met criteria for any current or lifetime psychiatric disorder.

The exclusion criteria for all participants were as fol-
lows: (1) history of antipsychotic treatment; (2) any con-
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traindications to MRI scanning; (3) substance abuse or de-
pendence disorder; (4) history of loss of consciousness for
>5 min; (5) current or chronic neurological disorder; (6) co-
morbidity with other DSM-IV psychiatric diagnoses.

For the SCFA analysis, data were available for a subset
of participants from the same MRI cohort. All participants
included in the SCFA analysis met the same inclusion and
exclusion criteria as the MRI sample, with additional ex-
clusions for factors known to affect SCFA levels, including
gastrointestinal or endocrine diseases, serious organ disor-
ders, and use of alcohol, antibiotics, probiotics, or any other
medications within the last 3 months.

Each participant completed MRI scanning, blood sam-
pling, and clinical assessments within 24 h of enrollment.
Written informed consent was obtained from all adults and
from parents/guardians of minors, with adolescent assent.
This study was approved by Ethics Committee of the Sec-
ond Xiangya Hospital, Central South University (Ethics
Committee No. 2021YFE0191400) and carried out in ac-
cordance with the Declaration of Helsinki.

2.2 MRI Data Acquisition

The MR scans were conducted using a 3.0T Magnetic
Resonance (MR) machine (Siemens, Skyra, Erlangen, Ger-
many) equipped with a 16-channel array coil at the Mag-
netic Imaging Centre of Hunan Children’s Hospital, Chang-
sha, Hunan, China. All participants were instructed to re-
main awake with their eyes closed during the scanning. The
functional imaging sequence parameters were as follows:
repetition time (TR) = 2000 ms; echo time (TE) = 30 ms;
flip angle = 90°; slice number = 36; slice thickness = 3.4
mm; voxel size = 3.4 x 3.4 x 3.4 mm’; field of view (FOV)
= 256 x 256 mm. The slice acquisition order was inter-
leaved, and the phase-encoding direction was anterior-to-
posterior. Each functional run contained 250 image vol-
umes, resulting in a functional scanning time of 500 s. No
field maps or distortion correction were applied. For struc-
tural imaging, high-resolution T1-weighted images were
acquired with the following parameters: TR =2530 ms; TE
= 2.33 ms; flip angle = 7°; slice number = 192; slice thick-
ness = 1 mm; voxel size = 1 x 1 x | mm?; FOV = 256 x
256 mm. Structural images were acquired with axial slice
orientation, and no distortion correction was applied.

2.3 Structural MRI (sMRI) Data Processing

Structural T1-weighted images were processed us-
ing Freesurfer (7.2.0, Massachusetts General Hospital,
Charlestown, MA, USA, http://surfer.nmr.mgh.harvard.e
du/) with the standard recon-all pipeline [34]. All recon-
structed outputs were visually inspected to ensure segmen-
tation accuracy. Subcortical segmentation and estimated
total intracranial volume (eTIV) were obtained using the
aseg and asegstats modules. Thalamic nuclei were seg-
mented using the FreeSurfer segmentThalamicNuclei com-
mand, which is based on the probabilistic histology-derived
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thalamic nuclei atlas by Iglesias et al. [35], yielding 25
nuclei per hemisphere. Quality control was performed for
each subject by two independent raters who were blind
to group information. The following aspects were eval-
uated: skull stripping accuracy, intensity normalization,
white matter mask integrity, subcortical boundary align-
ment, and thalamic nuclei label placement. Scans were
excluded if they showed: (1) uncorrectable skull-stripping
errors; (2) severe white matter or subcortical spanning >4
consecutive slices; or (3) major mislabeling of thalamic nu-
clei that could not be corrected. Disagreements were re-
solved by consensus. Only scans passing all quality control
criteria were included in the final analyses.

2.4 Function MRI (fMRI) Data Processing

The functional MRI (fMRI) data processing used
the Data Processing Assistant for Resting-state fMRI [36]
(DPARSF 4.1, State Key Laboratory of Cognitive Neuro-
science and Learning, Beijing Normal University, Beijing,
China, http://www.restfmri.net). The procedures were as
follows: (1) remove the first 10 time series of each individ-
ual to get a stabilized scan; (2) slice timing; (3) realign to the
middle volume; (4) normalize the image to Montreal Neu-
rological Institute (MNI) coordinates space (DARTEL nor-
malization parameters); (5) resample to 3 x 3 x 3 mm?>. (6)
spatial smoothing conducted by a 6-mm full-width at half-
maximum (FWHM) Gaussian kernel; (7) linear-drift cor-
rection and nuisance-covariates regression (includes cere-
brospinal fluid and white matter signals applied to mini-
mize confounder effects); (8) adopt Friston’s 24-parameter
model to eliminate head motion. Participants were ex-
cluded if their maximum head motion exceeded 2 mm in
translation or 2° in rotation during the scan. Framewise dis-
placement (FD) was calculated to represent the head motion
at each time point; signals from each “bad” time point (de-
fined as FD >0.5 mm), along with the signals 1 frame before
and 2 frames after the bad time point, were added as sep-
arate regressors for regression; (9) the fMRI data passed a
temporal filter (0.01-0.08Hz) to eliminated low-frequency
drift and high frequency physiological noise. The human
Brainnetome Atlas [37] was used to define regions of in-
terest (ROI), dividing the thalamus into 16 subregions per
hemisphere. For each participant, the mean time series was
extracted from each ROI, and Pearson’s correlation coeffi-
cients were computed between the representative time se-
ries and the time series of all other voxels in the whole brain.
Correlation coefficients were transformed to z values using
Fisher’s r-to-z transformation for statistical analyses.

2.5 Blood Sample Collection and SCFAs Data Extraction

Blood samples (6 mL) were voluntarily provided by
a subset of participants. Participants were required to fast
at least 8 h prior to collection, and to avoid coffee, alcohol
and strenuous exercise for at least 30 min before the morn-
ing blood draw. After blood centrifugation (3000 r/min, 10
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min), the serum was stored at —80 °C for further processing.
The details of the serum SCFA data extraction process are
presented in our previously published study [32].

2.6 Statistical Analysis

Statistical analyses were performed using SPSS 27.0
(IBM Corp., Armonk, NY, USA) and MATLAB R2022b
(MathWorks, Natick, MA, USA). Descriptive analyses
summarized demographic and clinical data across the FES,
UHR, and HC groups. The Chi-square test was used for
sex. Age, years of education, PANSS scores, and SOPS
scores were analyzed using one-way ANOVA or t-tests,
based on data distribution and described as mean + stan-
dard deviation. PANSS scores were decomposed using the
five-factor model [38], including positive symptoms, neg-
ative symptoms, disorganization, depression/anxiety, and
excitability/hostility. Serum SCFA data were processed us-
ing the same procedures described in our previous study
[32].

Hemispheric asymmetry was quantified using the lat-
erality index (LI): LI = (left — right) / (left + right). Both LI
and its absolute value (|LI|) were analyzed.

Imaging measures, including whole thalamus vol-
umes, thalamic nuclei volumes (25 nuclei), functional con-
nectivity, and laterality indices, were analyzed using gen-
eral linear models (GLMs). Age, sex, and years of educa-
tion were entered simultaneously as covariates in all mod-
els, with eTIV additionally included for volumetric mea-
sures, interactions with group are tested in Supplementary
Table 1. First, a global group effect was tested for each
model, and the p-values of the global tests were corrected
using false discovery rate (FDR) correction, with statistical
significance set at p-ppr < 0.05, effect sizes were reported
as #°. Second, for measures that survived FDR correc-
tion, post-hoc pairwise comparisons (FES vs. UHR, FES
vs. HC, UHR vs. HC) were performed using Bonferroni
correction, the adjusted p-value (p-gonr) Was calculated by
multiplying the raw p-value by 3 (p-gons = 3*p-raw), and
comparisons with p-gonr < 0.05 were considered statistically
significant.

Imaging measures showing significant group differ-
ences were further examined using partial correlation analy-
sis with clinical scores, and SCFA levels within each group,
as an exploratory analysis. FDR correction was applied
across all correlations tested within each domain, with p-
ror < 0.05 considered significant. Age, sex, years of edu-
cation, and ¢TIV (for volumetric measures) were simulta-
neously included as covariates.

3. Results
3.1 Demographic and Clinical Characteristics

A total of 243 participants were enrolled, including
102 FES patients, 72 UHR subjects, and 69 sex- matched
HCs. The participant selection process is summarized in
Fig. 1. Demographic and clinical characteristics of partici-

pants of all groups are described in Table 1. Demographic
and clinical characteristics of the participant subsets ana-
lyzed for fMRI, sMRI, and SCFAs are compared in Supple-
mentary Tables 2.1-2.3. When comparing the FES, UHR
and HC groups, no significant differences were found in
sex (x~ =0.23, p=0.890). However, significant differences
were noted in age (F = 6.21, p < 0.05) and years of educa-
tion (F' =16.14, p <0.05).

The group difference of SCFA levels among FES,
UHR and HC are described in Table 2. A significant dif-
ference was found in the years of education (F =7.19, p <
0.05), but no significant differences were observed in sex or
age. Moreover, valeric acid (F = 6.35, p-gons = 0.042), and
caproic acid (F = 8.17, p-gont = 0.017), showed significant
differences among groups.

3.2 Group Differences in Thalamus and Thalamic Nuclei
Volumes

3.2.1 Thalamus volume

A significant group effect was observed for the left (F
= 3.47, p-ppr = 0.033) and right thalamus volumes (¥ =
7.03, p-gpr = 0.002). Post-hoc pairwise comparisons indi-
cated that FES patients had smaller bilateral thalamic vol-
ume than did HCs (left: p-gonr = 0.045, right: p-gonr =
0.001), and smaller right thalamus volume than did UHR
(P-Bont = 0.043). No significant differences were observed
between the UHR and HC groups (Fig. 2, Table 3).

3.2.2 Nuclei volume

At the nuclei level, 10 of 25 right thalamic nuclei
showed a significant global group effect after FDR correc-
tion across all right-sided nuclei (all p-gppr < 0.05). These
included AV (F = 4.53, p-ppr = 0.033), CeM (F = 4.48,
p-ror = 0.033), CM (F = 5.76, p-ppr = 0.016), MDI (¥ =
8.91, p-rpr = 0.002), MDm (F = 9.41, p-gpr = 0.002), Pt
(F=5.46, p-rpr = 0.018), VAmc (F = 6.34, p-ppr = 0.010),
VLp (F = 4.18, p-ppr = 0.040), VM (F = 8.98, p-rpr =
0.002), and VPL (F = 6.90, p-ppr = 0.006). Post-hoc com-
parisons were conducted for these significant regions, FES
patients had smaller volumes than HC in all 10 nuclei (all
P-Bont < 0.05): AV (p-gont = 0.009), CeM (p-gont = 0.009),
CM (p'Bonf‘ = 0005), MD1 (p'Bonf‘ < 0001), MDm (p-Bonf <
0.001), Pt (p-gont = 0.005), VAmc (p-gonr = 0.002), VLp (p-
Bont = 0.03), VM (p-gont <0.001), and VPL (p-gone = 0.005).
Compared with UHR group, FES patients showed smaller
volumes in the MDm (p-gonr = 0.041), VM (p-gons = 0.035)
and VPL (p-gonr = 0.01). No significant differences were
found for left thalamic nuclei (Fig. 2, Table 3).

3.3 Functional Connectivity of Thalamic Subregions
3.3.1 ROIS, Left Sensory Thalamus

When the left sensory thalamus (Stha. L, ROI5) was
used as the seed ROI, a significant main effect of group was
observed for FC with multiple cortical and subcortical re-
gions after FDR correction (Fig. 3, Supplementary Ta-
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!

FES (n=110)

UHR (n=76) HC (n=76)

- Give up (n=5)
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- Did not meet inclusion criteria or met exclusion criteria (n=4)

- Incomplete clinical or cognitive data(n=7)

.

Participants included in the study

- Incomplete fMRI data (n=9)
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1 | | [ Subset of Participants |
! . 1, Excluded: T 4
1 Excluded: | . " 1 1
I - Poor image quality (n=3) ! (i :EXCassivaiheadimotion I ! Excluded: l
I y (n=3) | - I ]
I I (n=37) b I
i || D |
I |

- Unavailable data
\

Structural MRI analysis

Functional MRI analysis

SCFAs analysis

Statistical FES (n = 102)
Analysis UHR (n =72)
HC (n = 69)

FES (n = 76) FES (n = 59)
UHR (n = 63) UHR (n = 51)
HC (n = 61) HC (n = 40)

Fig. 1. Flowchart of participant recruitment, exclusion, and inclusion in the study. Note: Flowchart illustrating participant recruit-

ment, eligibility assessment, and derivation of analytic samples for the first-episode schizophrenia (FES), ultra-high risk (UHR), and

healthy control (HC) groups. Exclusions were applied according to predefined eligibility and data-quality criteria. Final sample sizes
included in structural MRI, functional MRI, and short-chain fatty acid (SCFA) analyses are shown.

ble 4). Post-hoc analyses, adjusted using Bonferroni cor-
rection, showed that FES patients exhibited significantly
greater FC between Stha. L and several regions, including
the right fusiform gyrus, left middle temporal pole, left hip-
pocampus, left inferior temporal cortex, left parahippocam-
pal gyrus, left middle temporal cortex, left lingual gyrus,
left calcarine cortex, left insula, right Heschl’s gyrus, left
medial superior frontal cortex, and right paracentral lobule,
than did either the UHR or the HC group (Supplementary
Table 4). In contrast, the UHR group showed significantly
lower FC in these regions than did both the FES and HC
groups. Additionally, FC between Stha. L and the left cau-
date nucleus were significantly higher in the UHR group
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than in both the FES and HC groups. FC between Stha. L
and the anterior cingulate cortex (ACC) were significantly
lower in FES patients and further weakened in UHR indi-
viduals, with the strongest connectivity observed in the HC

group.

3.3.2 ROI12, Right Occipital Thalamus

When the right occipital thalamus (Otha. R, ROI12)
was used as the seed ROI, a significant main effect of
group was observed for functional connectivity with sev-
eral frontal and temporal regions after FDR correction
(Supplementary Table 4). Adjusted by Bonferroni cor-
rection, post-hoc analyses showed that FC between Otha.
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Table 1. Demographic and clinical characteristics of all subjects.

FES (1=102) UHR(1=72) HC(n=69) F/% p-value Posthoc
(Bonferroni-correction)
Age 21.23+5.54  19.00+4.72 21.78+4.62 6.21 0.002® FES > UHR, p-gonr = 0.014; HC
> UHR, p-gons = 0.004
Sex (male/female) 59/43 39/33 39/30 0.23  0.890°
The years of education ~ 11.75 +2.84 11.06 £2.78 13.58 £2.53 16.14 <0.001* HC > FES, p-gonr <0.001; HC >
UHR, p-gonr < 0.001
PANSS
Positive symptom 21.88+6.85 - - - -
Negative symptom 21.48+£6.32 - - - -
Disorganization 27.08£7.19 - - - -
Depression/Anxiety 18.92 +5.36 - - - -
Excitability/Hostility  22.10 £ 5.51 - - - -
SOPS
SOPS-P score - 10.78 £4.93 - - -
SOPS-N score - 12.11 £5.16 - - -
SOPS-D score - 5.08 £2.67 - - -
SOPS-G score - 4.63 +2.94 - - -

Note: PANSS, Positive and Negative Syndrome Scale; SOPS, scale of prodromal symptoms; P, positive symptom; N, negative

symptom; D, disorganized symptom; G, general symptom. The data are described as (Mean + SD). Post-hoc analyses were

corrected by Bonferroni. ®: The p-value was obtained by a one-way analysis of variance (ANOVA). ®: The p-values were

obtained by the chi-square test.

Table 2. Short-chain fatty acids (SCFAs) among FES, UHR and HC.

FES UHR HC H/F p-gons dCohen Post-hoc
Acetic acid 1.93(1.38,2.91) 1.87(1.38,2.72) 2.14+1.08 0.31 0.852
Butyric acid  0.05 (0.03, 0.08) 0.05 (0.03,0.08) 0.07+0.03  3.82 0.148

Isovaleric acid 0.04 (0.00, 0.05) 0.04 (0.02, 0.06) 0.04 (0.03, 0.06) 3.20 0.202

Valeric acid ~ 0.00 (0.00, 0.06) 0.03 (0.00,0.07) 0.04+0.03  6.35 0.042 0.349 HC> FES, p-gonr = 0.036
Caproic acid  0.05 (0.00, 0.06) 0.03 (0.00, 0.05) 0.05 (0.04, 0.08) 8.17 0.017 0.422 HC > UHR, p-gons = 0.016
Total SCFAs 239+1.14 2.23+£1.00 2.32+1.09 0.26 0.769

Note: Data are presented as mean + SD for normally distributed variables and median (25th, 75th percentiles) for non-

normally distributed variables. Acetic acid, butyric acid, isovaleric acid, valeric acid, and caproic acid were tested by
the Kruskal-Wallis (H statistic). One-way ANOVA was used for total SCFAs (F statistic). Bonferroni correction was
applied, and p-g,nr < 0.05 was considered statistically significant.

R and these regions were significantly greater in both FES
and UHR groups than in HC, with FES patients exhibiting
stronger FC than UHR individuals in the bilateral inferior
orbitofrontal cortex, left medial superior frontal cortex, and
left middle temporal cortex. In addition, the UHR group
showed significantly higher FC than did HC in all regions
listed above (Supplementary Table 4).

3.4 Laterality Index of Thalamus Volume

To explore the volume laterality of the thalamus across
the three groups, the LI and |LI| were calculated. The results
indicated that in all three groups, the thalamus and its nuclei
regions were skewed to the right (LI < 0). The |LI| of VM
showed a significant group difference (F = 6.176, p-FDR =
0.002, and post-hoc analysis showed a significantly lower
volume in the FES than in the HC group (p-gont = 0.002,
Table 3).

3.5 Correlation Between Neuroimaging Feature and
Clinical Symptom/SCFA

All correlation analyses were corrected for multiple
comparisons using the false discovery rate (FDR) method.

3.5.1 SCFAs

As for the thalamic volume, in FES patients, acetic
acid (r=0.607, p-ppr = 0.015) and the total SCFAs levels (»
=0.614, p-ppr = 0.015) showed a moderate positive correla-
tion with the volume of the CeM nucleus. In the HC group,
butyric acid was moderately negatively correlated with the
volume of the MDI nucleus (» =—0.481, p-gpr = 0.048). No
significant volume-SCFA correlations were observed in the
UHR group. Regarding functional connectivity, a moder-
ate negative correlation was observed between the strength
of Otha. R-left MFC and both acetic acid (» = —-0.514, p-
rpr = 0.006) and total SCFAs (r =—0.503, p-gpr = 0.0006)
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Fig. 2. Significant group differences in the thalamus and thalamic nuclei volumes. Note: FES =102, UHR = 72, HC = 69. (A) Left
and right thalamic volumes in FES, UHR, and HC groups. (B) Significant thalamic nuclei volume differences among FES, UHR, and

HC groups. The horizontal line and bars represent the mean and the 95% confidence interval. *: p-gonr < 0.05, **: p-gonr < 0.01, ***:

P-Bont < 0.001 (Bonferroni-adjusted). Abbreviations are provided in Supplementary Table 3.

in the UHR group. No significant FC-SCFA correlations
were found in the FES or HC groups (Fig. 4).

3.5.2 Clinical Symptoms

Changes in thalamic nuclei volumes were associated
with negative and disorganization symptoms in both FES
and UHR groups after FDR correction. In FES patients,
negative-symptom-score showed mild-to-moderate nega-
tive correlations with several right thalamic nucleus (AV,
r=-0.389, p-ppr < 0.001; CeM, r =-0.269, p-ppr = 0.04;
VAmc, r= 70.257, P-FDR = 003, VLp, r= 70243, P-FDR
=(0.0425), and the disorganization score correlated with bi-
lateral thalamus (left, » = —0.294, p-gppr = 0.02; right, r =
—0.277, p-gpr = 0.035) and the right thalamic nuclei (MDI,
r=-0.317, p-ppr = 0.01; MDm,  =-0.297, p-ppr = 0.015;
VAmc, r =—-0.274, p-ppr = 0.03; VLp, r =—-0.338, p-ppr =
0.005; VPL, r =-0.293, p-gpr = 0.02). In the UHR group,
the SOPS negative score negatively correlated with the right
thalamic nuclei (CeM, r = —0.327, p-ppr = 0.028; VAmc,
r =-0.274, p-ppr = 0.048), and the disorganization score
showed negative correlations with MDm (»=-0.35, p-ppr =
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0.012) and VAmc (» =—0.37, p-ppr = 0.008). Additionally,
we observed greater FC of Otha. R-left SFC (» = 0.375, p-
FDR — 0012) and left MFC (}" = 0-327:p'FDR = 0044) were
associated with a greater SOPS-D score (Fig. 4, Supple-
mentary Tables 5.1-5.2).

4. Discussion

The present study has three main findings: (1) A
smaller thalamic volume and widespread dysregulation of
connectivity were found in the bilateral thalamus. It re-
vealed that alterations in the thalamus are present at the
UHR stage, with these changes being more pronounced in
the FES group; (2) Thalamic subregions exhibited distinct
properties, with smaller volume observed in the right thala-
mus and its associated nuclei - AV, CeM, CM, MDI, MDm,
Pt, VAmc, VLp, VM, VPL in the FES group. Dysfunction
was detected in the left sensory thalamus and right occipi-
tal thalamus, these alterations were associated with distinct
neural circuits in both the UHR and FES group; (3) Se-
vere negative and disorganized symptoms were associated
with smaller thalamic nuclei volumes in both FES and UHR
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Table 3. Significant group differences in thalamus and nuclei volumes.

Linear model

Post-hoc 95% CI

Hemisphere/Gro Region FES vs UHR vs HC
P up g ( b vs HO) (Bonferroni-adjusted)
F P-FDR [Lower, Upper]
Left thalamus 3.47  0.033* 0.029 FES<HC, p-gonr = 0.045 [-485.11,-3.85]
FES<HC, p- =0.001; [-564.89,-106.
Right thalamus  7.03  0.002%% 0,056 | Lo ~HCs PBont > [564.89, 73]
FES<UHR, p-pont = 0.043  [-454.64, —5.57]
Right Thalamic nuclei
Anterior AV 4.527 0.033* 0.037 FES<HC, p-gont = 0.009 [-13.53, -1.44]
Intralaminar CeM 4478 0.033* 0.037 FES<HC, p-gont = 0.009 [-8.79, -0.94]
Intralaminar CM 5758 0.016* 0.047 FES<HC, p-ponr=0.005  [-21.22,-2.98]
Medial MDI 8907 0.002** 0.070 FES<HC, p-gons < 0.001 [-32.19,-8.75]
< < . . _ .
Medial MDm  9.406 0.002** 0.074 FES<HC, p-gon <0.001;  [-83.77, 22.87];
FES<UHR, p-pons = 0.041 [-60.56,—0.87]
Medial Pt 5461 0.018% 0.044 FES<HC, p-pont = 0.005 [0.67, —0.09]
Ventral VAme 6343 0.010% 0.051 FES<HC, p-pont = 0.002 [-3.39, -0.63]
Ventral VLp 4.184 0.040* 0.034  FES<HC, p-gons = 0.03 [-55.75,-2.01]
FES<HC, p-gonr < 0.001; -2.89, -0.75];
Ventral VM 8.976 0.002** 0.071 > P"Bonf [ I
FES<UHR, p-pons = 0.035  [-2.16,-0.06]
FES<HC, p-gont = 0.005; -76.47,-10.33
Ventral VPL  6.903 0.006** 0.055 > Pront [ ]
FES<UHR, p-gons = 0.01 [-72.48,-7.64]
|Laterality Index|
VM 6.176  0.002 0.022 FES<HC, p-ons = 0.002 [-0.04,-0.01]

Note: Group-level significance was determined using false discovery rate (FDR) correction: * p-ppr < 0.05,

** p-ppr < 0.01. Post-hoc pairwise p-gonr values were adjusted by Bonferroni correction: p-gonr < 0.05 was

considered significant. Abbreviations are provided in Supplementary Table 3.

groups. In addition, a stronger FC correlated with more se-
vere disorganized symptoms in those two groups; (4) The
total SCFAs and acetic acids level were positively corre-
lated with CeM volume, and were negatively correlated
with FC of ROI12-left MFC in the UHR group. Butyric
acid showed a negative correlation with MDI volume in the
HC group. To our knowledge, this is the first study to inves-
tigate both drug-naive FES patients and UHR individuals
with clinical assessments; the results suggested that higher
SCFA levels may be associated with less thalamic volume
reduction in FES patients and altered functional connectiv-
ity in UHR subjects. However, these findings should be
interpreted cautiously due to the limited number of signifi-
cant associations and the exploratory nature of the analyses.

We observed a smaller bilateral thalamus volume in
FES patients, with a smaller volume in the right thalamus
of the FES group than in the UHR group. Subregional dif-
ferences in thalamic volume were observed on the right
side, specifically, the VM nucleus showed significant lat-
eralization in FES patients, suggesting that the lower vol-
ume in the right thalamic nucleus was more pronounced
than in the left, supporting the possibility that early SCZ
has a greater effect on the right thalamus. A large number
of studies have reported a smaller bilateral thalamic vol-
ume in SCZ and FES patients, with fewer neurons than in
HCs [14,17,39,40,41,42,43,44,45], and the right thalamic
nuclei were more affected [27]. However, several studies

[17,18,46] suggested that thalamic volumes may differ be-
tween stage-mixed SCZ and FES patients, with distinct pat-
terns in early and chronic SCZ. These inconsistent results
may have been influenced by antipsychotic treatment and
disease stage. Our study avoided these confounds and con-
firmed that the alterations in the right thalamus are more
prominent during the early stages of the illness. As the dis-
ease progresses, a more pronounced reduction in the left
thalamus occurs, and these changes were driven by disease
the itself. We also found that the volume reduction of the
right thalamus precedes SCZ onset and worsens as the dis-
ease progresses, suggesting that it may serve as a potential
biomarker for early intervention.

Our subregion analysis found that, FES patients ex-
hibited lower volume in several right thalamic nuclei than
did HCs, especially the AV, mediodorsal (MD), and VM.
These findings corroborated the work of Hoang et al. [47],
who also reported a lower volume of the anterior nuclei
in FES patients. The AV nucleus, which is primarily con-
nected to the limbic system, plays a key role in the hip-
pocampal memory circuits, and memory impairment. It has
been highlighted as a significant predictor of UHR conver-
sion to psychosis [19], and is a critical subcortical region
related to the pathophysiology of SCZ [47]. The MD and
VM nuclei are higher-order subregions that engage in recip-
rocal interactions with the prefrontal cortex [48,49], and the
MD nucleus, in particular, is thought to be characteristic of
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Fig. 3. Significant seed-to-region functional connectivity in FES, UHR, and HC groups. Note: FES = 76, UHR = 63, HC = 61.
(A,C) Functional connectivity using regions of interest (ROI) 5 as the seed ROI. (B,D) Functional connectivity using ROI 12 as the seed
ROL. *: p-gont < 0.05, **: p-gonr < 0.01, ¥***: p-ponr < 0.001 (Bonferroni-adjusted). FES, drug-naive first episode of schizophrenia; UHR,
ultra-high risk; HC, healthy control. Abbreviations are provided in Supplementary Table 3.

SCZ to some extent [50,51]. A post-mortem study examin-
ing neuron counts in the MD and AV nuclei of the thalamus
suggested that SCZ is associated with significant neuronal
loss in thalamic nuclei that interact with the prefrontal cor-
tex and limbic system [52]. Therefore, we speculated that
the lower volume of the AV nucleus was already present at
the UHR stage and may have been more closely linked to
the risk of conversion to psychosis in UHR individuals. Be-
sides, the volumes of the MDm, VM and VPL nuclei in the
FES group were significantly smaller than those of UHR
patients. This suggests that changes in these nuclei occur in
the early stages of SCZ, potentially serving as an early di-
agnostic marker. As the disease progresses, more thalamic
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nuclei are affected, indicating that thalamic abnormalities
in UHR are more localized than in FES. Early intervention
that targets specific subregions of the thalamus may help to
prevent or delay disease onset.

Another noteworthy finding in this study is the dysreg-
ulation between the left sensory thalamus and the cortico-
striatal-thalamic-cortical (CSTC) circuits, as well as be-
tween the right occipital thalamus and the fronto-temporal
cortex in both the FES and UHR groups. These neural cir-
cuits are modulated by dopamine and are involved in mo-
tor control, executive functions, sensory information in-
tegration, emotional regulation, attention, and perception
[53,54]. Impairment in these circuits has been linked to
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dysfunctional executive function and persistent symptoms
in SCZ, including reality distortion, disorganization, and
A previous study has shown
that SCZ and FES patients exhibited more widespread

psychomotor poverty [7].

10

UHR group
Correlation between FC and SOPS
RONMZ240CL
RON240CR
ROHZATFCL
.
¥
RONZ-MTCL
RONS-_Fussorm_R -
ROMS-MTP L
ROH S-Hippocampus L
ROMSATCL-
RONS5-ParaHippocameal L
RONS-ACCL -
RONS-MTC L
ROMS-Lingual L -
RONS5-Calcanne L
ROM5-naula L -
RONS-Caudste L
ROHS-HeschlR
¥ » .9 o
o S S
HC Group
r=-0.481
Pror = 0.048

Right MDI volume

Butyric acid level

&% IMR Press

and predominantly disrupted FC network damage than did
the UHR sample [55]. Notably, our study showed that,
compared to HC subjects, FES patients exhibited hyper-
connectivity in most brain regions within these circuits,
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which may have reflected either error or negative correla-
tion. In contrast, UHR individuals demonstrated unstable
connectivity abnormalities. It is reasonable to suppose that
individuals in the UHR state exhibit widespread FC dis-
ruption between the thalamus and cortex. As the disease
progresses, those who transition to SCZ may exhibit thala-
mic hyper-connectivity as a compensatory mechanism for
structural abnormalities, potentially contributing to symp-
tom onset. Additionally, it is widely believed that connec-
tivity in SCZ is generally reduced, primarily based on stud-
ies involving chronic or medicated patients; enhanced or
unstable connectivity is seen in drug-naive and early-stage
patients [9]. Longitudinal studies are needed to validate
this. Our study extended previous findings by localizing
CSTC and fronto-temporal cortex connectivity abnormali-
ties to the sensory and occipital thalamus, thereby providing
insights into the potential mechanisms of, and their impact
on the disease. In summary, abnormalities in specific thala-
mic subregions are more localized and sensitive than those
in the entire thalamus, potentially serving as early indica-
tors for SCZ or predictive markers for the transition from
the UHR state to SCZ.

Consistent with previous studies [56,57,58], our study
found that smaller thalamic nuclei volumes were associated
with more severe clinical symptoms, supporting the notion
that thalamic connections are tightly integrated and that al-
terations in thalamic nuclei have a broad impact on SCZ
patients. The AV nucleus volume showed a strong corre-
lation with negative symptoms in FES patients, suggesting
its involvement in negative symptoms early in the disease.
The CeM and VAmc nuclei exhibited a stable negative cor-
relation with negative symptoms in both the FES and UHR
groups, and similar stable relationships were found between
the MDm and VAmc nuclei with disorganization symptoms.
Previous evidence was confirmed by the finding that re-
duced thalamic volume was associated with the severity of
disorganized [59] and negative symptoms [60]. These find-
ings may suggest that CeM, VAmc, and MDm nuclei influ-
ence symptoms during the UHR state. After disease on-
set, more thalamic nuclei and the entire thalamus were af-
fected, contributing to symptom severity regulation. Con-
sistent with our findings, Merch-Johnsen et al. [50] noted
that the anterior and medial pulvinar are particularly rele-
vant to negative symptoms. Many studies have also found
that the structure and function of the right thalamus and its
subregions correlate with negative symptoms, though the
specific subregions varied [18,61,62]. That points to the
complexity of the relationship between subtle microstruc-
tural alterations in a brain region and clinical symptoms.

Our findings also provided limited evidence for the
role of short-chain fatty acids in thalamic abnormalities in
early SCZ. Although we previously reported altered SCFA
levels in FES and UHR groups [32], the current study found
no significant group differences in acetic acid levels. There-
fore, we could not conclude that reduced acetic acid drives
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thalamic volume reduction in patients. We observed a po-
tential protective effect of higher acetic acid levels specif-
ically in the CeM nucleus of patients, but this was limited
to one of 25 thalamic nuclei. Additionally, the weak neg-
ative correlation between butyric acid and MDI volume in
healthy controls was absent in both UHR and FES groups.
Butyric acid is known for its anti-inflammatory and neu-
roprotective properties [63], and the disruption of this re-
lationship in patient groups may have indicated impaired
gut-brain communication in early SCZ. Although SCFAs
may play a modulatory role in neurostructural changes, our
results did not support a strong association between SCFAs
and thalamic anomalies. Future studies with larger samples
are needed to clarify the potential role of gut metabolites in
SCZ pathophysiology.

Limitations

Several limitations should be noted: (1) The relatively
small sample size, particularly for the measurement of SC-
FAs, may have limited statistical power of the study. Future
studies with larger samples are needed to adequately ad-
dress this question. (2) Factors such as diet, BMI, smoking,
and inflammatory markers were not available and could not
be controlled. (3) Different atlases were used for functional
and structural analyses, which limited the depth of discus-
sion. Future studies should use integrated atlases for both
structural and functional analyses.

5. Conclusions

This multimodal imaging study found that localized,
mild abnormalities in the thalamus and its subregions were
present prior to the onset of SCZ, suggesting these as po-
tential neurobiological vulnerabilities. The thalamic sub-
regions are intricately connected but showed notable het-
erogeneity, particularly in the anterior and mediodorsal nu-
clei. The volume of certain thalamic subregions correlated
with negative and disorganized symptoms, with subtle as-
sociations detectable even at the UHR stage. Additionally,
serum SCFAs may have contributed to SCZ pathogenesis,
affecting thalamic functional connectivity during the UHR
stage and contributing to volume changes after disease on-
set. These findings offer valuable insights for early detec-
tion and intervention in schizophrenia.
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