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ABSTRACT
BACKGROUND: Structural brain differences in the thalamus and the cortex have been widely reported in schizophrenia
(SCZ) relative to neurotypical control individuals (NCs). Most previous studies examined the thalamus as a whole as a single
region of interest. In addition, findings in individuals at familial high risk for SCZ (FHRs) remain inconclusive. Here, we
investigatedwhether local and network-wide thalamic-related structural alterations vary as a function of familial risk for SCZ.
METHODS: Structural magnetic resonance imaging scans were obtained from 5197 participants (NC, n = 3409; FHR,
n = 257; SCZ, n = 1531) across 32 cross-sectional samples within the ENIGMA (Enhancing Neuro Imaging Genetics
through Meta Analysis) Consortium. Random-effects meta-analyses and network analyses were conducted on 1)
local thalamic alterations (volume estimates of 7 thalamic subdivisions) and 2) network-wide thalamic alterations
(thickness and surface-related thalamocortical/corticocortical covariation patterns) across groups (NC, FHR, SCZ).
RESULTS: Individuals with SCZ showed significantly lower gray matter volume estimates in the anterior, pulvinar, medial,
posterior, and ventral thalamic subdivisions compared with NCs (false discovery rate–corrected q [qFDR], .05). FHRs did
not differ fromNCs.At the network-wide level, thalamocortical covariations discriminatedFHRs fromNCs (qFDR, .05), with
FHRs showing intermediate covariation between individuals with SCZ and NCs. Corticocortical covariation patterns
revealed that individuals with SCZ and FHRs shared similarly disconnected clustering configurations, distinct from NCs
(qFDR , .05).
CONCLUSIONS: Results revealed lower thalamic volume estimates in individuals with SCZ but not in FHRs, hence
yielding no evidence of a familial risk trait, whereas thalamocortical and corticocortical covariation estimates were
associated with familial risk for SCZ. These findings suggest that, once the thalamus is parsed into subdivisions,
network-wide thalamocortical features may identify trait-dependent, neurobiological correlates of genetic risk for SCZ.

https://doi.org/10.1016/j.biopsych.2025.03.027
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The thalamus facilitates the bidirectional flow of neuronal
signals between cortical and subcortical regions and among
different cortical regions (1). Suboptimal thalamocortical con-
nectivity may detrimentally affect cortical development (2),
especially after early-life brain insults (3). The developmental
relationship between the human thalamus and cortex is rele-
vant to schizophrenia (SCZ) pathophysiology (4), given that
heritable neurodevelopmental alterations may interact with
early environmental risk factors and brain maturational pro-
cesses before clinical symptoms emerge (5–7).

Patients with SCZ reportedly have lower thalamic (8–10) and
larger ventricular (11) volume estimates. These alterations char-
acterize the early stage of SCZ but may also be affected by
antipsychotic treatment (5,12). Therefore, it remains unclear
whether thalamic alterations are related to illness state orwhether
they represent a trait shared by individuals at genetic risk for the
disorder, potentially suggesting thalamic involvement in
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Figure 1. Connections between thalamic nuclei and cortex. Major connections
corresponding colors. Each nucleus is shown with its main afferents and efferen
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etiopathogenic mechanisms. Meta-analyses of data from indi-
viduals with a familial high risk for SCZ (FHRs, i.e., first-degree
relatives of patients) suggest lower thalamic gray matter vol-
umes in FHR (13,14). However, the evidence in this regard is
mixed (15,16). Notably, most published studies focused on the
thalamus as a whole, disregarding the functional and anatomical
segregation of its nuclei (9,17). Indeed, thalamic nuclei are not
interconnected and have distinct patterns of connections with
other brain structures, which define their functional role (Figure 1)
(8). The mediodorsal and pulvinar nuclei have been repeatedly
associated with SCZ (8,9), with sparser evidence for intralaminar
and anterior nuclei (9,18,19). Findings on thalamic subdivisions in
FHR are inconclusive. Twin studies have established the herit-
ability of structural gray matter estimates for both the cortex and
thalamus (20), hence motivating investigations at the thalamo-
cortical network level in FHR. However, small sample sizes and
the varying definitions of FHRs, e.g., including individuals with
  76, 976, 9

76

76

76

76

45

76

between thalamic nuclei and cortical or subcortical regions are shown using
ts. (Image created with BioRender.)
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familial high risk for psychosis and not only SCZ (14,15), have
hindered reproducibility. Potential confounders also require
investigation (11,21,22), given that smaller gray matter estimates
are often accompanied by third ventricle enlargement (21).
Indeed, ventricular enlargement, commonly associated with
SCZ, has alsobeen reported in FHRs (23). Enlarged lateral or third
ventricles can affect the shape of the thalamus and, hence, hinder
accurate thalamic segmentation, affecting especially medial and
dorsal thalamic nuclei owing to their proximity to the ventricles
(24–26). Consequently, failing to consider ventricular volumes
might lead to overestimating gray matter alterations associated
with the disorder.

Structural alterations localized in thalamic nuclei are com-
pounded by network-wide thalamocortical deficits (2). In support
of thalamic parcellation efforts, Prasad et al. (27) suggested that
different thalamocortical covariation patterns are not apparent at
the whole thalamus level but can be detected at the subdivision
level (28–30). Indeed, structural alterations in SCZ are not ran-
domly distributed in the brain but follow network-wide patterns of
co-alteration (31–33), in which the thalamus is pivotal.

Here, we aimed to investigate the potential association
between SCZ risk and 1) local alterations, i.e., volume estimates
of 7 thalamic subdivisions; 2) network-wide alterations, i.e., the
structural covariation between thalamic subdivisions and cort-
ical thickness and surface; and 3) corticocortical similarity
profiles, i.e., corticocortical covariation networks derived from
thalamocortical covariation patterns resulting from aim 2.

Based on previous findings (4,8), we hypothesized lower vol-
umes in themedial, pulvinar, and anterior thalamic subdivisions in
both FHR and SCZ.We also expected FHRs and individuals with
SCZ to have different thalamocortical covariation patterns and
corticocortical covariation profiles compared with neurotypical
control individuals (NCs). Finally, we addressed the potential
confounding effect of ventricle volume estimates, considering
that larger brain ventricles may disproportionately affect medial
more than lateral thalamic subdivisions.

METHODS AND MATERIALS

Study Samples

Thirty-two worldwide cross-sectional study samples (34)
(Figure S1) totaling 5197 participants—1531 individuals with
SCZ, 257 FHRs, and 3409NCs—part of the ENIGMA (Enhancing
Neuro Imaging Genetics through Meta Analysis) Consortium-
Schizophrenia Working Group (35)—contributed to the collabo-
rative analysis of thalamic brain volumes and thalamocortical
structural covariation (Supplement, Section 1; Tables S1 and S2).
The sample-size weighted mean age across samples for NC was
32.86 10.03 years, for FHRs, 33.46 7.5 years, and for SCZ, 34.4
6 11.4 years. The percentage ofmales for NCwas 42%, for FHRs,
45%, and for SCZ, 65%. The sample-size weighted means for
Positive and Negative Syndrome Scale (PANSS) for SCZ were
15.81 6 5.65 for positive and 16.07 6 5.89 for negative symp-
toms. The weighted mean age at onset and duration of illness for
the SCZgroupwere 23.16 7.3 and 13.86 9.4 years, respectively.
The sample-size weighted mean chlorpromazine dose equivalent
(CPZeq) was 431.32 6 428.38 mg. Each study sample was col-
lected with participants’ written informed consent approved by
local institutional review boards and ethics committees. For all
samples, T1-weighted structural brain scans were acquired using
700 Biological Psychiatry November 1, 2025; 98:698–711 www.sobp.o
3T magnetic resonance imaging (MRI) scanners (detailed acquis-
ition and processing procedures are presented in Supplement,
Section 2 and Table S2). Thalamic volumes underwent segmen-
tation procedures into 7 subdivisions (anterior, intralaminar,
medial, posterior, pulvinar, ventral-posterior, and ventral). Quality
control procedures alignedwith the ENIGMAOCDThalamicNuclei
pipeline. The detailed procedure is presented in Supplement,
Section 2 and Tables S3–S6.

Local Thalamus-Related Analyses on Thalamic
Subdivisions’ Volumes

To investigate the effects of group (NC, FHR, SCZ), thalamic
subdivision, and their interaction on thalamic volume estimates,
we used repeated-measures analyses of covariance (false dis-
covery rate–corrected q [qFDR] , .05), after regressing out rele-
vant covariates (sex, age, quadratic age, ventricular and
intracranial volume) (R’s carpackage; Figure 2). Pairwise random-
effect meta-analysis was performed using the Sidik-Jonkman
method with Hartung-Knapp adjustment to generate cumu-
lative effect sizes (pooled standardized mean differences
[SMDs]), Hedges’ g, p , .05) (R’s meta package) (36) and to
account for uncertainty in the estimation of between-study var-
iance in the random-effects meta-analysis. SMDs with 95% CIs
were calculated for each thalamic subdivision and the whole
thalamus, summarizing pairwise differences in thalamic volume
estimates across groups (NC vs. FHR, FHR vs. SCZ, and NC vs.
SCZ). Effect sizes for left and right hemisphere thalamic sub-
divisions were examined separately. Heterogeneity was
assessed by the Cochran Q statistic and quantified with the I2

statistic (37). We performed the same analyses without the esti-
mated ventricular volumes as a covariate to assess the possible
influence of ventricle enlargement in SCZ on these effects.

The effect of nuisance covariates on thalamic volume esti-
mates was assessed throughmoderator analyses (Supplement,
Section 3). We considered sample demographics (mean age at
onset, duration of illness); CPZeq (38); proportion of typical,
atypical, and both types of antipsychotic medication; severity of
positive and negative symptoms; and methodology (FreeSurfer
version and thalamic segmentation FreeSurfer version).

Network-Wide Thalamus-Related Analyses on
Morphological Covariation Matrices

To investigate the effect of group on structural thalamocortical
covariation patterns, we computed, for each site, 2 bilateral
matrices of Kendall correlations between thalamic volumes and
morphometric measures (cortical surface and thickness), after
regressing out nuisance covariates (sex, age, quadratic age,
ventricular and intracranial volumes) (Figure 2). The resulting 2
correlation matrices (correlations between thalamic volumes/
cortical thickness and thalamic volumes/cortical surface), col-
lected for each site, were then summarized in 2 meta-analytic
matrices through random-effect meta-analyses (R’s metacor
package). Subsequently, these 2 meta-analytic matrices cal-
culated for each group (NC, FHR, SCZ) were vectorized to
assess the group effect via analysis of variance (ANOVA) (qFDR
, .05). In addition, we conducted pairwise comparisons of
corresponding meta-analytic correlation coefficients among
different groups (NC vs. FHR, FHR vs. SCZ, NC vs. SCZ). These
comparisons were performed using Fisher’s test and FDR
rg/journal
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Figure 2. Workflow of the statistical analyses on
local thalamus-related alterations (aim 1), network-
wide thalamus-related alterations (aim 2), and corti-
cocortical similarity profiles (aim 3). FHR, familial high
risk for schizophrenia; NC, neurotypical control;
SCZ, schizophrenia.
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corrected for the number of tested correlation coefficients. We
also explored uncorrected thresholds (nominal p , .05 and
.005), as reported elsewhere (28,29).

To keep the local and network-wide analyses consistent, we
assessed the effects of the same nuisance covariates pre-
viously considered in relation to thalamic volume estimates
(i.e., sample demographics and methodology variables) on
thalamocortical covariation matrices, using association analy-
ses (Supplement, Section 4).
Network-Wide Thalamus-Related Analyses on
Corticocortical Covariation Similarity Profiles

We transformed each of the 2 thalamocortical covariationmeta-
analytic matrices (i.e., thalamic volumes/cortical thickness,
thalamic volumes/cortical surface) calculated for each group
Biological Psyc
(NC, FHR, SCZ) into a corticocortical similarity matrix (i.e.,
cortical thickness/cortical thickness, cortical surface/cortical
surface), reporting the similarities for each corticocortical pair
with respect to the thalamocortical associations (Figure 2). For
each corticocortical similarity matrix and each group (NC, FHR,
SCZ), we calculated the clustering coefficient for each node
across different densities, from 0.1 (the sparsest matrix) to 1 (the
full matrix). We tested the effect of group on the clustering
coefficients of each corticocortical matrix via ANOVA with a
permutation test based on 1000 iterations (qFDR , .05), which
returned a permutation-based p value. Further details are pre-
sented in Supplement, Section 5.

We used the spin-glass algorithm (39) on the corre-
sponding corticocortical similarity matrices to identify nodes
clustering in distinct patterns for each group (NC, FHR,
SCZ). As a result, each node was assigned to a particular
hiatry November 1, 2025; 98:698–711 www.sobp.org/journal 701
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cluster. To assess group differences on the corticocortical
similarity matrices-related clustering configurations, we
performed a pairwise normalized variation of information
(NVI) calculation, a measure of the distance between 2
partitions of clusters across groups (NC-FHR, FHR-SCZ,
NC-SCZ). Pairwise NVI calculation was repeated for 1000
permuted networks (p , .05) to obtain an empirical p value.
Finally, we performed a hypergeometric enrichment test in
R, using the phyper function, to determine whether specific
Yeo functional networks were significantly overrepresented
within the different corticocortical similarity clustering pro-
files (qFDR , .05) (see Supplement, Section 9).
702 Biological Psychiatry November 1, 2025; 98:698–711 www.sobp.o
RESULTS

Local Thalamus-Related Alterations: Main Effect of
Group on Thalamic Subdivisions’ Volumes

Individuals with SCZ showed significantly lower gray matter
estimates for bilateral anterior, medial, ventral, posterior, pul-
vinar, and left ventral–posterior thalamic subdivisions com-
pared with NC (Figure 3A–C; Table S7) (qFDR , .05, 2 tailed).
Site-wise effect sizes are presented in Figure S3. No differ-
ences were significant between FHR and NC (all qFDR . .05)
(Table S8). Compared with FHR, individuals with SCZ
showed significantly smaller left medial thalamic subdivisions
Figure 3. Hedges’ g effect sizes for differences in
thalamic subdivisions’ volumes between neuro-
typical control individuals (NCs) and patients with
schizophrenia (SCZ). (A, B) Hedges’ g effect sizes for
differences in thalamic subdivisions’ volumes
between individuals with SCZ and NCs. Effect sizes
for all thalamic subdivision volumes depicted were
corrected for nuisance covariates (i.e., sex, age,
quadratic age, ventricles, and intracranial volume
[ICV]). (C) Forest plot showing group effect (NC vs.
SCZ) on whole thalamus volumes. The dotted verti-
cal line indicates the combined (overall) estimates.
Standardized mean differences (SMDs) (95% CI)
denotes weighted estimates (Hedges’ g), which are
SMDs between NC and SCZ with their 95% CIs
based on the variance in each individual study. BARI,
University of Bari Aldo Moro, Bari, Italy; BASIS,
August Pi i Sunyer Biomedical Research Institute,
Barcelona, Spain; FBIRN, Function Biomedical
Informatics Research Network, University of Cal-
ifornia, Irvine, Irvine, California; FIDMAG, FIDMAG
Germanes Hospitalàries, Barcelona, Spain; GAP,
National Institute of Health Research Biomedical
Research Centre Genetics and Psychosis, South
London, United Kingdom; GSU, Georgia State Uni-
versity, Atlanta, Georgia; HEIDELBERG, Heidelberg
University Hospital, Heidelberg, Germany; IGP,
Imaging Genetics in Psychosis, the University of
New South Wales, Sydney, New South Wales, Aus-
tralia; IMH, Institute of Mental Health, Buangkok,
Singapore; JBNU, Jeonbuk National University
Hospital, Jeonju, Korea; LIBD, Lieber Institute for
Brain Development, Johns Hopkins Medical Cam-
pus, Baltimore, Maryland; MARBURG, University of
Marburg, Marburg, Germany; MUENSTER, Uni-
versity of Münster, Germany; NU, Northwestern
University, Evanston, Illinois; OLIN, Olin Neuro-
psychiatry Research Center, Institute of Living,
Hartford, Connecticut; PENS, University of Minne-
sota, Minneapolis, Minnesota; PHCP, University of
Minnesota, Minneapolis, Minnesota; RomeSL, the
IRCCS Santa Lucia Foundation of Rome study,
Rome, Italy; SEOUL, Seoul National University
Hospital, Seoul, South Korea; UCISZ, University of
California, Irvine, Irvine, California; UMCU, University
Medical Center Utrecht, Utrecht, the Netherlands;
UNIMAAS, Maastricht University, Maastricht, the
Netherlands; UNINA, University of Naples Federico
II, Naples, Italy; UZH, University of Zurich, Zurich,
Switzerland; VOICES, University of Melbourne, Mel-
bourne, Victoria, Australia.
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(qFDR , .05) (Table S9). Results were similar, with larger effect
sizes, when not accounting for ventricular volume estimates
(Tables S10 and S11). We also found a negative effect for
CPZeq, age of SCZ onset, and thalamic segmentation version
(v11, v12) on several thalamic subdivisions (Supplement,
Section 6), whereas we did not detect significant effects of
illness duration, proportion of antipsychotic medication,
symptom severity, and FreeSurfer version (versions 5.3, 6.0.1,
7.1.1.0, 7.1.1, 7.2.0, and 7.3.0).

Network-Wide Thalamus-Related Alterations: Main
Effect of Group on Morphological Covariation
Matrices

In the network-related comparisons of thalamocortical cova-
riation, group effects were significant for the structural cova-
riation between thalamic volumes and cortical thickness
(F2,711 = 26.5, p # .001) as well as cortical surface (c2

2,711 =
99.403, p , .001) (Table S16). In particular, post hoc com-
parisons showed that thalamic covariations with cortical
surface area for FHR were in an intermediate position between
Figure 4. Differences in morphometric thalamocortical covariation across group
showing standardized group average meta-analytic correlation coefficients betw
mapping showing differences across groups (neurotypical control [NC], familial h
ardized meta-analytic correlation coefficients between each thalamic subdivision
covariation matrices across groups (NC, FHR, SCZ). Each data point represents t
left to right, respectively, cortical surface and cortical thickness). NS, not signific

Biological Psyc
SCZ and NC, with surface-related structural covariation higher
compared with NC but lower compared with SCZ
(zFHR2SCZ = 25.003; zNC2SCZ = 29.970; zNC2FHR = 24.977; all
qFDR , .05); both differences were significant (Figure 4A–C;
Table S16). In contrast, thalamic covariations with thickness
for both SCZ and FHR were significantly lower compared with
NC (zNC2FHR = 3.467; zNC2SCZ = 2.594; all qFDR , .05), whereas
no significant differences were found between FHR and SCZ
(Figure 4A–C; Table S16). Regarding confounding variables,
there were no significant findings when considering sample
demographics and methodological variables (Supplement,
Section 7). The edge-related covariation analyses are pre-
sented in Supplement, Section 8.
Network-Wide Thalamus-Related Alterations: Main
Effect of Group on Corticocortical Covariation
Similarity Profiles

In the network-related comparisons of corticocortical trans-
thalamic morphological measures, we found a group effect on
s (Benjamini–Hochberg post hoc test: all p, .05). (A) Brain surface mapping
een each thalamic subdivision and each cortical value. (B) Brain surface
igh risk for schizophrenia [FHR], schizophrenia [SCZ]) related to the stand-
and each cortical value. (C) Box plot showing differences in thalamocortical
he correlation between thalamic volumes and morphometric measures (from
ant. ***p , .05.
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Figure 5. Differences in cluster coefficients rela-
ted to surface-based corticocortical covariation
across groups and densities (from 0.6 to 1). (A) Box
plots showing the significant differences in cluster
coefficients related to surface-based corticocortical
covariation across groups and densities (from 0.6 to
1). Pairwise comparisons within groups were cor-
rected for multiple comparisons using the
Benjamini–Hochberg procedure (all p , .05). Each
data point represents the cluster coefficient of a
specific cortical region. (B) Group effects on surface-
related corticocortical covariation. Analysis of var-
iance with permutation test (1000 iterations, p, .05).
(C) Pairwise normalized variation of information (NVI)
related to surface-based corticocortical covariation
cluster configurations. Permutation test (1000 iter-
ations, p , .05). Familial high risk for schizophrenia
(FHR) clustering configurations showed the highest
NVI (which means more different cluster config-
urations) compared with neurotypical control (NC)
cluster configurations and the lowest NVI (which
means more similar cluster configurations) com-
pared with schizophrenia (SCZ) cluster config-
urations (permuted p , .05). SCZ cluster
configurations were revealed to be more similar to
FHR than to NC (permuted p , .05). NS, not
significant.
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the surface-related corticocortical covariation matrices, evi-
dent and consistent for all networks with a density of .0.6 (all
p , .001, all permuted p , .05): the clustering coefficients
were significantly higher in NC compared with FHR and SCZ,
whereas no significant difference was detected between FHR
and SCZ (Figure 5A, B; Table S19).

Community detection revealed different cluster config-
urations among NC, FHR, and SCZ. Both NC’s and SCZ’s
corticocortical surface-based covariation matrices clustered
into 2 communities, whereas FHR’s corticocortical surface-
based covariation matrices clustered into 3. However, for
FHR and SCZ, the same cortical nodes tended to cluster
together, across the densities ranging from 0.6 to 1, indicating
a more similar cluster configuration compared with NC, as
further confirmed by NVI analyses (NVINC2FHR . NVINC2SCZ .

NVIFHR2SCZ permuted p , .05) (Figure 5C; Table S20).
Yeo networks represented within FHR and SCZ cluster con-

figurations were more similar to each other than to NC (qFDR ,

.005) (Figure 6A, B; TablesS21 andS22). In particular, both FHR’s
andSCZ’s cluster 1 (visual B, temporal-parietal, control B,qFDR,
.05) (Table S22) comprised cortical association areas engaged in
704 Biological Psychiatry November 1, 2025; 98:698–711 www.sobp.o
visual processing, temporal-parietal functions, and cognitive
control. FHR’s clusters 2 (visual A, salience1ventral attention A,
default C, somatomotor B, qFDR , .05) (Figure 6A) and 3 (default
A, somatomotor A, dorsal attention B, qFDR , .05) (Figure 6B),
which covered default mode and somatomotor and ventral
functions, converged into SCZ’s cluster 2. Notably, visual A and
dorsal attention B, which were, respectively, encompassed in
clusters 2 and 3 of FHR, did not fit this trend and were not
included in SCZ’s cluster 2. In contrast, both networks were
strongly associated with NC’s cluster 1 (qFDR , .001), whereas
salience1ventral attention Awas solely associatedwith FHR and
SCZ (for both, cluster 2). Instead, NC’s cluster 1 comprised
regions involved in visual processing, somatomotor functions,
temporal and parietal functions, dorsal attention, cognitive con-
trol, default mode, and limbic functions, indicating a broader and
more diverse cluster configuration in NC that mixed sensory,
motor, and associative cortices. NC’s cluster 2 encompassed
regions related to somatomotor and limbic functions. Moreover,
no significant group effects were observed in the thickness
similarity profiles, indicating that the observed differences were
specific to surface-related measures.
rg/journal
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Figure 6. Hypergeometric enrichment test. Yeo
networks are significantly represented within
surface-related corticocortical similarity clustering
profiles. (A) Chord diagrams showing surface-related
corticocortical covariation clusters enriched for the
17 Yeo networks for each group (neurotypical control
[NC], familial high risk for schizophrenia [FHR],
schizophrenia [SCZ]). Yeo networks enriched for a
specific cluster were represented with the same
color as the associated cluster. Black color indicates
that a specific Yeo network is not associated with
any cluster. p values reported were corrected for
multiple comparisons using the Benjamini–Hochberg
procedure (all p . .05 are indicated as not significant
[NS]). The right images show the brain surface
mapping of cluster partitions for each group, with the
same color coding as in the corresponding left dia-
grams, identifying distinct clusters. (B) The alluvial
diagram illustrates changes in community assign-
ments of enriched Yeo networks across groups (NC,
FHR, SCZ). Each block represents a surface-related
corticocortical community and each line corresponds
to a Yeo network. Yeo networks not surviving multiple
comparisons were not represented. For example,
NC’s cluster 1 fragmented into 2 parts, one of which
joined cluster 2 in FHR and another one of which joined
cluster 3 in FHR. Yeo networks: Visual_A, Visual_B,
Somatomotor_A, Somatomotor_B, Temporal_Parietal,
Dorsal_Attention_A, Dorsal_Attention_B, Salience1
Ventral_Attention_A, Salience1Ventral_Attention_B,
Control_A, Control_B, Control_C, Default_A, Default_B,
Default_C, Limbic_A, and Limbic_B.
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DISCUSSION

We investigated the association between local and network-
wide thalamus-related structural patterns and familial risk for
SCZ in the largest sample to date. We found that 1) individuals
with SCZ had significantly smaller whole thalamus volume
estimates than NCs, and this effect was also significant at the
Biological Psyc
level of medial, ventral, posterior, anterior, pulvinar, and left
ventral–posterior thalamic subdivisions; 2) thalamic covariation
with cortical surface was stronger in individuals with SCZ and
FHRs compared with NCs, whereas thalamic covariation with
cortical thickness was weaker in both individuals with SCZ and
hiatry November 1, 2025; 98:698–711 www.sobp.org/journal 705
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FHRs compared with NCs; and 3) individuals with SCZ and
FHRs showed similar corticocortical surface-based similarities
profiles, in which associative cortical configurations seemed
more similar and more distant from sensory cortices compared
with NC.
Volume Estimates of Thalamic Subdivisions

Patients with SCZ showed lower whole thalamus volume
estimates compared with NCs, corroborating previous studies
(11,40). Subdivision-level findings align with previous voxel-
based morphometry (VBM) studies and postmortem evidence
regarding the anterior, mediodorsal, posterior, pulvinar, and
midline nuclei in individuals with SCZ compared with NCs
(8,9,41). Postmortem studies reported that the greatest thala-
mic gray matter reduction can be observed in the medial
subdivision (encompassing the mediodorsal and the midline
nuclei) and in the pulvinar, i.e., nuclei largely projecting to the
frontal, temporal, and parietal cortices (42). Thus, thalamo-
cortical dysfunction might stem, at least in part, from structural
alterations within the thalamus (43). Consistently, previous
VBM analyses attributed the gray matter focal deficits in SCZ
preeminently to these nuclei (8,9,44). The mediodorsal thala-
mus may be dysfunctional in SCZ (45), consistent with its
strong prefrontal connections (46) and involvement in higher-
order cognitive processes (47,48).

The small effect sizes of the volumetric differences
observed should be interpreted in light of the confounding
variables we considered. Unlike previous studies (11,13,22),
we included ventricular volume estimates as nuisance cova-
riates when comparing NC and SCZ. All effect sizes were
systematically larger in our control analysis without this
covariate. Therefore, ventricle size may explain a portion of the
variance in thalamic volumetric differences between patients
and controls. The same may apply to other periventricular
regions, such as the hippocampus. Other factors contributing
to these findings may include the small size of thalamic sub-
divisions and the heterogeneity between patients (32,49).

The negative association between volume estimates and
CPZeq aligns with prior studies (12,50); the FreeSurfer version
used for thalamic segmentation also affected several thalamic
subdivisions. These findings highlight that drug effects and
neuroimaging pipelines may affect inferences drawn from
structural MRI studies (51). We also found a negative associ-
ation between the SCZ onset age and all thalamic subdivision
volumes, except for the medial ones, suggesting that with the
unitary increase of age at onset, the differences between NCs
and individuals with SCZ become smaller. These results align
with previous studies reporting smaller thalamic volume esti-
mates in earlier-onset SCZ (52). The lack of an association
between illness duration and thalamic volume estimates,
combined with the observed negative relationship with anti-
psychotics, suggests that the thalamic volume deficiencies are
unlikely to be explained by chronicity or long-term treatment
effects. Accordingly, previous studies showed smaller thalamic
volume estimates in untreated SCZ patients relative to controls
(43,50).

We found no significant differences in thalamic volume or
subdivisions between FHRs and NCs, consistent with other
studies (12,15,16,53). In contrast, a recent ENIGMA-Relatives
706 Biological Psychiatry November 1, 2025; 98:698–711 www.sobp.o
meta-analysis found structural alterations in the whole thala-
mus in FHRs compared with NCs, reporting a Cohen’s d
of 20.12. The divergent findings with our meta-analyses in
FHRs may be related to sample-size differences, the hetero-
geneity among FHR samples, and covariates used, e.g.,
including ventricular volume estimates. Although some studies
reported lower thalamus gray matter estimates in FHRs com-
pared with NCs (13,14,22), the construct of familial risk for SCZ
has been variably defined (e.g., including also second-degree
relatives or different types of first-degree relatives, such as
offspring, parents, and siblings) (14). In summary, our results
support that patients with SCZ have lower thalamic volume
estimates than NCs, albeit with smaller effect sizes than pre-
vious estimates, but provide no support for abnormal volume
estimates in FHRs.
Thalamocortical Structural Covariation

When assessing network-wide differences in thalamocortical
covariation, we found higher thalamic positive covariation with
cortical surface in patients with SCZ compared with NCs, with
FHRs in an intermediate position. Moreover, both patients with
SCZ and FHRs showed lower thalamic covariation with cortical
thickness compared with NCs, indicating a shared feature
between patients with SCZ and FHRs. Interestingly, cova-
riation with cortical surface points to widespread higher cor-
relations in SCZ and FHR compared with NC. Given that
individuals with SCZ had lower thalamic subdivision volume
estimates than NCs, results suggest lower cortical surface
estimates in SCZ and FHR. This result is consistent with a
previous ENIGMA study reporting widespread cortical surface
alterations in SCZ (54). Only a few regions are an exception to
this pattern. In particular, the rostral-middle frontal and post-
central gyrus involved in higher-order cognitive processes and
sensory integration (55) showed higher correlations in FHR
compared with NC and, to a lesser extent, in SCZ. Conversely,
the caudal-middle frontal and precentral gyrus exhibited an
opposite covariation pattern, especially related to pulvinar,
ventral, posterior, and ventral-posterior subdivisions, which
are mostly involved in attentional and motor domains
(Table S17A–C for nominally significant differences).

In contrast, cortical thickness showed smaller correlations
with thalamic subdivision volume estimates in both FHR and
SCZ: mean covariation estimates were closer to zero in these
groups. In line with previous literature (54), thickness-related
covariation exhibited regional specificity. Most regions still
show a positive covariation in both FHR and SCZ with the
largest differences between FHR and NC at the level of the
intralaminar, ventral, and posterior thalamic subdivisions in
their relationship with the frontal lobe. Previous reports also
showed regional differences with either thicker or thinner cor-
tex (especially within frontal and temporal regions) in SCZ and
genetic or familial SCZ risk (54,56,57). Notably, some regions,
such as precentral, postcentral, supramarginal, inferior frontal
gyrus, and caudal frontal gyrus, showed an opposite
thickness-related covariation with thalamic subdivisions (spe-
cifically related to intralaminar, posterior, pulvinar, ventral and
ventral-posterior subdivisions) in FHR versus SCZ
(Table S17A–C for nominally significant differences). A mix of
regional thinner and thicker cortex alterations has previously
rg/journal
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been associated with FHR (58–61), especially in sensorimotor
areas, which showed opposite patterns in SCZ (59,62). Thinner
cortex in several brain areas in FHR has been linked to motor
control and cognitive processes (13,63,64). Conversely, a
thicker cortex has been associated with higher education
levels and stronger verbal abilities (60,65). Sometimes the
thicker cortex has been interpreted as a compensatory factor
protecting against progression to clinical states (60,64,66).
However, caution is required when interpreting these results,
considering that FHRs who are not diagnosed as having SCZ
are not always free of other psychiatric conditions.
Transthalamic Cortical Covariation

Finally, we found similar corticocortical surface-based clus-
tering configurations between FHR and SCZ. Thus, cortical
regions linked to the same thalamic subdivision tend to exhibit
similar covariation patterns and cluster together in both FHR
and SCZ, reflecting shared network-wide alterations between
these groups. This convergence between FHR and SCZ sug-
gests a potential familial risk overlap, possibly linked to
attention, motor control, sensory integration, and cognitive
processes relevant to SCZ. Particularly, the salience1ventral
attention Yeo network, encompassing neural circuits respon-
sible for salient stimuli detection and attentional resources
allocation, was exclusively associated with FHR and SCZ (both
in cluster 2). This pattern of results is consistent with abnor-
malities in salience and attention circuits in individuals at
familial risk for this disorder (67,68).

We observed a distinct pattern in the clustering of cortical
regions associated with similar thalamic subdivisions: a
broader frontoparietal control-related Yeo network in NC,
involving several associative and somatomotor areas, and
clear distinctions between dorsal and ventral/somatomotor-
related networks in FHR and SCZ. Previous reports found
structural alterations among the thalamus, prefrontal cortex,
and sensorimotor networks (45,69,70), interpreted as reflecting
altered synaptic pruning (52). Particularly, a study by Kebets
et al. (71) found dysconnectivity within the somatosensory-
motor Yeo network, as well as between the somatosensory-
motor Yeo network and subcortical structures, along with
cortical executive networks in SCZ and psychosis. Thus, the
disrupted covariation we found between dorsal and ventral/
somatomotor-related networks in FHR and SCZ may reflect
impaired frontothalamic connectivity and stronger
somatosensory-thalamic coupling, tying in with functional
connectivity reports in SCZ (9,45,72–74). Our findings on
altered cortical-thalamic-cortical circuitries, implied in coordi-
nating both motor and cognitive activity, are consistent with
the idea that thalamocortical developmental trajectories are
associated with cognitive deficits in SCZ, i.e., the hypothesis of
cognitive dysmetria (75). The lack of local thalamic alterations
in FHR, in the presence of significant alterations in thalamo-
cortical and corticocortical measures, might suggest that the
primary alterations in SCZ and FHR occur at a cortical, rather
than subcortical, level. This notion is in line with emerging
evidence suggesting that local thalamic alterations, particularly
in the mediodorsal nucleus, are a psychosis state marker,
whereas altered thalamus-related networks may represent a
trait and vulnerability marker (76).
Biological Psyc
Limitations

The main limitation of this study is the small FHR cohort
compared with NCs and patients with SCZ. In addition, we
conducted a meta-analysis on retrospective data, facing limi-
tations from inherent sources of variation such as different
scanners, diagnostic methods, and medication treatments,
among others. Even though meta-analyses can control for
these differences by summarizing within-site effects and pro-
viding average effect sizes, they do not account for all possible
sources of variation in assessment methods, potentially
reducing sensitivity. In addition, meta-analytic findings aggre-
gate results across studies, potentially obscuring individual-
level variability. For example, we cannot infer that the
observed group-level covariation patterns are present at the
individual subject level. Heterogeneity is another limitation:
we applied a random-effects model to account for sample size
variability across sites and used the I2 statistic to assess
pairwise heterogeneity between groups. Although I2 showed
generally moderate to low heterogeneity, this statistic is not
specific to each group considered. Given that the FHR group
had the lowest sample size, comparisons between this group
and others had the highest group heterogeneity.
Conclusions

We found lower thalamic gray matter volume estimates in SCZ,
but not in FHR. The current results remain inconclusive with
respect to local thalamic effects in FHR. Instead, altered tha-
lamocortical structural covariation significantly differed from
NCs in both FHRs and patients with SCZ. Our findings suggest
that extending the morphometric study beyond the thalamus
to include its whole-brain network may provide a sensitive
approach to detecting familial risk effects. Therefore, these
findings suggest that alterations in network-wide cortico-
thalamocortical alterations play a more significant role than
primary structural thalamic alterations in familial risk for SCZ.
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