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Brain network architecture is anticipated to influence future grey matter loss in individuals at Clinical High Risk (CHR) for psychosis.
However, existing studies on grey matter structural network properties in CHR are scarce and constrained by small sample sizes.
Here, we examined network topology differences comparing a) CHR versus healthy controls (HC); b) CHR who transitioned to
psychosis (CHR-T) versus those who did not (CHR-NT); and <) different subsyndromes. We included structural scans from 1842 CHR
individuals and 1417 HC individuals from 31 sites within the Enhancing Neurolmaging Genetics through Meta-Analysis (ENIGMA)
consortium. At the global level, CHR individuals exhibited lower structural covariance (g < 0.001; Cohen’s d = 0.164) and less
optimal structural network configuration than HC (lower global efficiency and clustering coefficient, d = 0.100,0.087, gs <= 0.027).
Though no global difference between CHR-T and CHR-NT, network distinctiveness of the frontal and temporal surface area
networks was higher in CHR-T than CHR-NT (d = 0.223,0.237) and HC (d = 0.208,0.219) (gs < 0.001). Network distinctiveness of the
frontal cortical thickness network was lower in CHR-T (d = 0.218, q < 0.001) than CHR-NT and HC (d = 0.165, g < 0.001). Importantly,
higher network distinctiveness was associated with worse positive symptoms in CHR-NT (frontal surface area, g = 0.008, R*> = 0.013)
and at trend with worse negative symptoms in CHR-T (frontal thickness, g = 0.063, R> = 0.049). Further, the brief intermittent
psychotic syndrome subgroup showed more severe network alterations. Together, brain structural networks inform symptoms and
the risk of transition to psychosis in CHR individuals.

Molecular Psychiatry; https://doi.org/10.1038/s41380-025-03304-6

INTRODUCTION 2-3 years [2, 3]. Subsyndromes include the attenuated positive
Clinical High Risk for psychosis (CHR) describes a state characterized symptom (APS) syndrome, the genetic risk for psychosis accom-
by young people who have a heightened risk of developing a panied by a recent decline in functioning (GRD), and the brief
psychotic disorder [1], with a 20-30% transition likelihood within intermittent psychotic syndrome (BIPS) [4, 5]. Decline in social
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functioning, co-morbidity, and lower perceived quality of life are
common, creating burden in the CHR state [6-9]. Preventive
interventions could potentially ameliorate the high burden in CHR
state and reduce the transition to psychosis [10, 11]. Discovering
biomarkers based on brain abnormalities in CHR state will help
identify those in need for indicated prevention [12].

Neuroimaging studies reveal widespread subtle structural abnorm-
alities in CHR individuals, resembling those in psychotic disorders
[13-21]. Using the largest pooled neuroimaging sample of CHR
individuals to date, the Enhancing Neurolmaging Genetics through
Meta-Analysis [ENIGMA] CHR working group found widespread
cortical thinning in CHR individuals [13]. Those who later transitioned
to psychosis (CHR-T) showed lower cortical thickness in fusiform,
superior temporal, and paracentral regions than non-transitioners
(CHR-NT) [13]. Smaller surface area in the right superior frontal, right
superior temporal, and bilateral insular cortices distinguished CHR-T
from healthy controls (HC) [18]. Additionally, both CHR individuals
and schizophrenia patients show greater intra-group variability in
morphometric profiles than HC [14, 22], suggesting disease-related
divergence. If regions diverge differently, greater variability in CHR
may weaken inter-regional covariance. If regions diverge similarly,
this variability may reflect shared patterns of abnormal network
organization or reorganization.

Evidence from patients with schizophrenia and at-risk indivi-
duals suggests that psychotic disorders may compromise optimal
brain network configurations [23-25]. Brain networks can be
identified using structural covariation in grey matter, an estab-
lished method characterising concomitant morphometric varia-
tions (e.g., thickness and gyrification) among distributed regions
[26]. Covariation between regions follows the homophilic
principle, where morphometrically similar regions are likely
axonally connected [26, 27]. Regions within structural covariance
networks share maturation trajectories [28, 29], as well as
functional [30-32] and transcriptomic [33] similarity, and their
disruption may indicate developmental alterations and/or patho-
logical development [23, 34]. Importantly, the topology of
neurotypical brain networks exhibits small-world architecture,
balancing local segregation and global integration through
hierarchical modular structures [35, 36]. This architecture supports
cognition [37], remains robustness against focal atrophy, and
limits the spread of abnormalities [38, 39] (supplementary
background). However, globally, schizophrenia shows lower
integration [24, 40, 41] and higher segregation [40, 42] compared
to controls, while bipolar disorder has intermediate integration
loss [24]. In schizophrenia, frontal networks are weakened and less
hierarchical than controls, increasing integration [36, 40, 43],
whereas posterior networks fragment into smaller subnetworks,
enhancing segregation [36, 40, 41, 43-45].

Few studies have used graph theory to examine structural brain
alterations in individuals at risk for psychosis. Drakesmith and
colleagues [46] observed lower global efficiency (lower integra-
tion) among healthy individuals with psychotic-like experiences
than those without. Sandini and colleagues [47] reported higher
modularity and clustering coefficient (increased segregation) in
individuals with 22q11.2 Deletion Syndrome and attenuated
psychotic symptoms, compared to those without symptoms and
healthy controls. In CHR individuals, Das and colleagues [48]
observed lower small-worldness, lower integration, and higher
segregation in CHR-T than CHR-NT. In contrast, individuals at
familial risk for psychosis without psychotic symptoms showed no
global network disruptions [49-51], despite frontal nodal differ-
ences and topological alterations during infancy [52]. This
suggests that the structural network topographical alterations
may be state-dependent, but previous studies with small or
moderate sample sizes leaves it unclear whether structural
network topology reliably differentiates individuals at risk for
psychosis or predicts transition to psychosis.

SPRINGER NATURE

Understanding structural network topology in CHR is crucial, as
the network hypothesis of schizophrenia suggests that structural
deficits propagate through strongly connected regions [53-56].
Initial focal atrophy may spread within the same network due to
disruptions of signalling, trophic support, and/or neurotransmitter
systems [57], suggesting network architecture as a potential
roadmap for pathological progression. Regions covarying with
existing atrophy may be the next affected. Evidence supporting
the network hypothesis spans first-episode, chronic, and
treatment-resistant schizophrenia [55, 56, 58]. For example,
Regional deficits can be predicted by deficits of neighboring
regions and their connectivity [56, 58]. these network-driven
structural patterns align with cytoarchitectonic classes [58] such as
the limbic class [59, 60], linking pathology across different system
levels.

Furthermore, the brain’s small-world and modular architecture
implies that pathological spread occurs in stages [61] (supple-
mentary background). Optimal small-world configuration
reduces network vulnerability to focal atrophy in networks
(stage 1) [62, 63]. Network distinctiveness (characterized by
within-network specialization and between-network segrega-
tion) constrains atrophy within networks (stage 2) [64] and
delays cascading effects that would result in multinetwork
failures (stage 3), as seen in schizophrenia [65]. Therefore, we
expected network distinctiveness to vary across breakdown
stages: lower in stage 1, higher in stage 2, and lower again in
stage 3, driven by within-network covariance in the stage 1 and
2 and by between-network covariance in stage 3. To fully
understand pathological spread, it is essential to consider
network distinctiveness alongside both within- and between-
network covariance.

We aimed to elucidate structural covariance network alterations
in CHR individuals at global level and local network levels using a
large ENIGMA CHR working group. At the global level, we
measured covariation strength, integration, segregation, and the
balance between segregation and integration, expecting disrup-
tions in CHR individuals compared to HC due to subthreshold
symptoms and functional decline [1, 4, 5, 66]. At the network-level,
we examined network distinctiveness using the system segrega-
tion index [39], which quantifies the within- and between-network
covariance difference normalised by the within-network covar-
iance. Based on prior studies [40, 41, 43], we hypothesized that
network distinctiveness would be associated with future transition
status, depending on network breakdown stages [54, 61]. Lastly,
we tested the relationship between network distinctiveness and
symptom severity in CHR [47], and explored heterogeneity across
CHR subsyndromes.

METHODS

Participants

Our final imaging sample (Table 1) comprised 1282 healthy controls (700
males) and 1582 CHR individuals (811 males) from ENIGMA-CHR working
group [13]. The mean ages [ranges] were 22.2 [12.0, 39.9] and 20.6 [9.5,
39.8], respectively. The CHR group comprised 229 CHR-T (14.5%), 1102
CHR-NT and 251 unknown transition status. Median follow-up durations
[ranges] were 158 [2-316], 152 [2-325], and 57 [1-327] months,
respectively (eMethod 1). Among CHR individuals with subsyndrome
classification, 1325 met criteria for APS (Attenuated Positive Symptom
Syndrome via Structured Interview for Prodromal Symptoms, SIPS [4] or
Attenuated Psychosis Group via Comprehensive Assessment of At Risk
Mental States, CAARMS [5]), 235 for GRD (Genetic Risk and Deterioration
Syndrome via SIPS or Vulnerability Group via CAARMS), and 79 for BIPS
(Brief Intermittent Psychotic Symptom Syndrome via SIPS or Brief Limited
Intermittent Psychotic Symptoms Group via CAARMS) (eTable 2-5). All
31 sites obtained local institutional review board approval. Informed
written consent was obtained for all participants and/or their legal
guardians.
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Table 1. Demographics and clinical characteristics.
HC CHR CHR-NT CHR-T
(N =1282) (N =1582) (N=1102) (N =229)
Demographics
Sex (Male/Female) 700 / 582 811 /771 558 / 544 127 / 102
Handedness (L/M/R) 80/23/971°" 171/28/1096 " 124/24/793" 19/4/146
Age (years) 22.2254n 20.60" 20.66" 20.23"
Follow-up duration in months, mean (SD) 113.67 137.29 135.56 152.53
(58.86)" (76.40)" (72.87)" (75.73)™"
Typical antipsychotics, N (%) NA 27 (1.71) 23 (2.09) 2 (0.87)
Atypical antipsychotics, N (%) NA 251 (15.87) 163 (14.79)" 37 (16.16)"
Subgroups?, N (%)
APS NA 1325 (83.75) 933 (84.66)" 184 (80.35)"
BIPS NA 79 (4.99) 45 (4.08)" 27 (11.79)"
GRD NA 235 (14.85) 167 (15.15) 44 (19.21)
APS/GRD NA 140 (8.85) 98 (8.89) 27 (11.79)
APS/BIPS NA 36 (2.28) 21 (1.91)" 13 (5.68)"
BIPS/GRD NA 9 (0.57) 5 (0.45) 4 (1.75)
APS/BIPS/GRD NA 7 (0.44) 4 (0.36) 3(1.31)
Unknown NA 111 (7.02) 68 (6.17) 14 (6.11)
Clinical Measures®
Total SOPS positive symptom score, mean (SD) NA 10.91 (4.72) 10.79 (4.76)" 12.15 (5.15)"
Total SOPS negative symptom score, mean (SD) NA 12.67 (6.50) 12.71 (6.53)" 14.03 (7.00)"
Total SOPS disorganized symptom score, mean (SD) NA 5.54 (3.53) 5.74 (3.55)" 6.40 (4.11)"
Total SOPS general symptom score, mean (SD) NA 8.20 (4.42) 8.29 (4.42) 8.60 (4.61)
Total CAARMS positive symptom score, mean (SD) NA 10.35 (4.12) 10.04 (4.17) 10.90 (4.25)
Total CAARMS negative symptom score, mean (SD) NA 6.67 (3.72) 6.63 (3.64) 7.75 (4.33)
Total CAARMS cognitive change score, mean (SD) NA 3.27 (1.91) 3.46 (1.77) 4.43 (1.99)
Total CAARMS emotional disturbance score, mean (SD) NA 3.86 (2.48) 4.07 (2.55) 4.43 (1.72)
Total CAARMS behavioral change score, mean (SD) NA 8.64 (4.49) 8.79 (4.35) 9.13 (6.56)
Total CAARMS motor/physical change score, mean (SD) NA 2.92 (2.43) 3.00 (2.50) 4,00 (2.61)
Total CAARMS general psychopathology score, mean (SD) NA 13.16 (6.44) 13.30 (6.35) 14.00 (9.76)

h, significantly different from the HC group; ¢, significantly different from the CHR group; t, significantly different from the CHR-T group; n, significantly
different from the CHR-NT group. a, some participants met criteria for more than one subgroup; b, some participants had neither CAARMS nor SOPS scores. HC
healthy controls, CHR clinical high risk, CHR-NT clinical high risk with no transition during follow-up, CHR-T clinical high risk who transited to psychosis during
follow-up, L left, M mixed, R right, SD standard deviation, APS attenuated psychotic symptoms, BIPS brief (limited) intermittent psychotic symptoms, GRD
genetic and risk deterioration syndrome, SOPS Scale of Psychosis-risk Symptoms, CAARMS Comprehensive Assessment of At Risk Mental States, NA not

applicable.

Data acquisition and preprocessing

Data were preprocessed using the ENIGMA pipeline [13, 14]. T1 brain
images (eMethod 2) were parcellated into 34 cortical regions per
hemisphere based on Desikan-Killiany atlas [67] and 8 subcortical regions
(eMethod 1 and eTable 10) using Freesurfer v6.0. Cortical thickness, surface
area and subcortical volumes were extracted. The ENIGMA quality control
protocol (https://github.com/ENIGMA-git/ENIGMA-FreeSurfer-protocol)
was applied. Site and scanner-associated effects were corrected using
NeuroCombat harmonisation [68], a batch-adjustment method based on
the empirical Bayes framework and used by previous studies [13-17].

Structural covariance network construction

Following prior work [69], we constructed the structural covariance matrix
using cortical thickness (CT), cortical surface area (SA) and subcortical
volume (Fig. 1). CT and SA of the same brain region were treated as
separate nodes due to their distinct genetics [70, 71], neurobiology
[72-75], and maturation trajectories [76, 77] (see supplementary methods).
Disruptions in SA and CT may reflect different pathological changes.
Combining them into a covariance matrix reveals how morphometric
features are organized by connectivity during neurodevelopment. Given
that CT and SA mature differently across regions [78-80]—e.g., sensory
and motor areas develop earlier than the association cortex [79, 81]1— this
approach captures developmental coordination, and disruptions thereof.
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Due to practical considerations (supplementary methods), regional
values including CT, SA, or subcortical volume were averaged across the
two hemispheres [69], unless one was missing, in which case the available
value from the other hemisphere was used. Each participant had 76 node
values: 34 for CT, 34 for SA, and 8 for subcortical volume. Further, age, sex
and brain size (mean CT for CT, total SA for SA, and total intracranial
volume for subcortical volume) were regressed out. We controlled for brain
size due to heterogeneous scaling of brain properties with brain size.
Among others, SA, compared to CT, and associative cortices, compared to
sensorimotor cortices, increase more rapidly with greater brain sizes [26,
82]. In light of these findings and the observation that CT and SA are
affected differently in CHR individuals [13], we used morphometric-type
specific brain size metrics (for SA and CT separately) to correct CT and SA
measures in our covariance matrix to minimize bias (supplementary
methods).

Next, means and standard deviations were calculated across controls.
Each participant's node values were z-transformed by subtracting the
control mean and dividing by the control standard deviation, with z-scores
indicating relative thickness, surface area, or volume differences. Finally,
node covariation, based on z-score differences, was calculated using the
equation in Fig. 1 (eMethod 3), where high covariation reflects similar
deviations from controls. Each participant’s covariance matrix captured
individualized patterns of brain morphology.
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Construction of structural covariance network
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Construction of structural covariance network. In line with previous work [44], we constructed the structural covariance matrix using

cortical thickness, cortical surface area and subcortical volume. For each participant, the cortical thickness and cortical surface area estimates
from 34 ROIs [42], and the volumes of 8 subcortical regions, from each hemisphere represented 76 nodes in the covariance matrix after
averaging across hemispheres, covariate regression, z-score transformation and covariation calculation based on z-score differences. A high
value in the covariance matrix suggests that two nodes differed similarly from the controls (i.e growing or shrinking together). One covariance
matrix was obtained for each participant, representing the individualised pattern of covarying brain morphology. ROI region of interest; CHR
clinical high risk; L left; R right; M. mean of the control group; SD. standard deviation of the control group.

Global network topographical properties

Global topographical and network-level metrics were calculated in Matlab
software (R2016b version, Brain Connectivity Toolbox). The structural
covariance matrix from each participant was thresholded at sparsity levels
from 0.10 to 0.25 (top 10-25%) in 0.01 steps [22, 44]. We calculated the
following measures (also see supplementary methods): 1) global efficiency
(information integration via shortest paths); 2) clustering coefficient
(clustering among node neighbours), and 3) small-worldness (balance
between clustering and path length). To avoid threshold bias, each graph
measure was summarised by calculating the area under the curve (AUC)
across sparsity levels (integral of metrics across sparsity levels via
trapezoidal method) [83].

Community detection and network distinctiveness

The Desikan-Killiany atlas [67] is a gyral-based and does not directly map to
intrinsic brain networks like the Yeo et al. parcellation [84]. To identify
network architecture, we applied two-step community detection to
structural covariance matrices (eMethod 5) [85]. Using the Louvain method
[86], we performed community detection at individual (step 1) and group
(step 2) levels across sparsity levels from 0.1 to 0.25 (step of 0.01). To
determine community structure, we empirically assessed resolution
(gamma). Individual-level detection used gamma 1 and 2, while group-
level detection tested gamma 1 to 5, yielding 10 community structures.
Median community size was plotted against gamma (eFigure 3) to identify
elbow points, indicating stable resolution. We then compared node
assignments to communities (from community detection) and the
Desikan-Killiany parcel [67] assignment to intrinsic networks [84] using a
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winner-takes-all approach. For example, the paracentral parcel was
assigned to the somatomotor network since 82.1% of its vertices belonged
to this network. Similarity between community and network assignments
was evaluated using the Rand coefficient z-score [87], with higher values
indicating greater alignment. Based on stability (elbow value) and similarity
(Rand z), the optimal gamma was determined to be 2 at the group level
and 1 at the individual level (eMethod 5, eFigure 3).

Finally, the network distinctiveness of each community within the
community structure was measured by the system segregation index [39]
(subtracting the mean between-community from the mean within-
community covariance and dividing the difference by the mean within-
community covariance).

Statistical analysis

Group comparisons. Statistical analyses were performed in R software
(version 4.2.1). Group comparisons between CHR and controls used t-tests
for continuous variables and Chi-square tests for categorical variables
(except follow-up duration and symptom scores).

For subgroup comparisons, CHR individuals with unknown subgroup
status (e.g. unknown psychosis transition status at follow-up, unknown APS
status for APS subgroup comparison, etc.) were excluded. Due to highly
imbalanced subgroup sizes, categorical variables were analyzed using the
Rao-Scott corrected weighted Chi-square test [88] (survey, R package 4.2-1)
and continuous variables with sample-sized-weighted analysis of variance
(ANOVA) (except for follow-up duration and symptom scores). Initial
comparisons included three-group analyses (e.g., controls vs. CHR-NT vs.
CHR-T; controls vs. APS vs. non-APS), followed by pairwise comparisons for
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significant results.

Symptom scores were analyzed using linear mixed modeling (LMM) with
age and sex as fixed effects and site as a random effect (ImerTest, R
package 3.1-3). LMM was also used for follow-up duration with site as a
random effect.

Given the skewed distribution of global efficiency and system
segregation indices (see Q-Q plots in eFigure 5), group comparisons for
these measures used values within 3 median absolute deviations from the
median across all communities and participants (eMethod 6).

Additionally, five sensitivity analyses were conducted: (1) To explore the
medication influence, we repeated the comparisons additionally control-
ling for antipsychotic medication exposure (information available among
72.5% CHR-T and 87.1% CHR-NT individuals) for all the significant group
differences. (2) To evaluate the influence of sites, we conducted leave-one-
site-out (LOO) analyses (eMethod 7). (3) To examine whether the network
findings were complementary to regional differences, we repeated the
network-level group comparisons adding the mean within-community
regional features (SA, CT or subcortical volume) as a covariate. (4) For
communities with significant group differences in system segregation
indices, within- and between-community covariance differences were also
tested. (5) To evaluate the lateralisation effects, we repeated the group
comparisons 1) without averaging the morphometric measures across the
hemispheres using the current sample (N = 2864) and 2) using the smaller
sample where all 152 morphometric values must be available (N = 1735).

Association between brain metrics and symptom scores. To examine the
clinical implications of group differences, we used LMM to test the
association between symptom scores and the brain metrics showing
significant group differences, including fixed effects of brain metric, age
and sex and the random effect of site. For transition-related brain metrics,
we included both the main effect and the interaction with transition group
to rule out confounding by group differences. Because most sites used
either Scale of Psychosis-risk Symptoms (SOPS) or CAARMS but not both
(SOPS only = 21, CAARMS only = 8, both SOPS and CAARMS = 1; BPRS
only = 1), we z-transformed the SOPS positive symptom scales and
CAARMS positive symptom scales (the most comparable subscales among
others) using the mean and standard deviation of the whole CHR SOPS
group and the whole CHR CAARMS group, respectively. We then tested
associations between brain metrics and these positive-symptom z-scores
using the combined SOPS and CAARMS samples. We further tested the
associations for participants assessed using SOPS, due to the larger
sample size.

For clinical symptom analysis, multiple comparison correction using false
discovery rate (FDR) method [89] was applied across 7 SOPS domains or 4
CAARMS domains. For brain metrics, FDR correction was applied across
global measures (4 measures) or network-level communities (n =9).

RESULTS

A less efficient network configuration in CHR

On average, CHR individuals exhibited lower covariance strength
than controls (FDR-corrected p, denoted as q<0.001, Cohen’s
d =0.164, see Fig. 2A and eTable 8). CHR also showed a less efficient
global network configuration compared to controls, with lower global
efficiency (q=0.027, d=0.100) and lower clustering coefficient
(g=0.027, d = 0.087) (Fig. 2B and eTable 8). Small worldness did not
differ between CHR and controls (eTable 8). Global differences
remained after controlling for antipsychotic exposure and were stable
in the LOO site-effect sensitivity test (eResults 4 and 5) and the
lateralisation-effect test (eResult 6 and eTable 16).

Among subgroups (eResults 3), BIPS showed lower small-
worldness than non-BIPS and controls, while APS had higher
small-worldness than non-APS. No differences were found in GRD
subgroups or between APS and controls. These subgroup results
were unaffected by antipsychotic exposure or site effects.

Frontotemporal network distinctiveness differences between
CHR-T and CHR-NT

We detected nine network-level communities (Fig. 3A, eResult 2
and eTable 10). Given that one of the community structure
identification criteria was similarity to the intrinsic networks [46],
community grouping largely followed intrinsic networks, though
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not identically due to large Desikan atlas regions. Subcortical
regions were grouped within the same community. CT and SA
metrics from the visual were grouped together and CT and SA
metrics from the motor were in the same community. In contrast,
CT and SA metrics from frontal and temporal regions were
grouped according to morphometric types.

CHR-T exhibited higher temporal and frontal system segregation
index (i.e., greater network distinctiveness) of SA communities than
CHR-NT (temporal q<0.001, ES=0.237; frontal q<0.001, ES=
0.223) and controls (temporal q<0.001, ES=0.219; frontal
q<0.001, ES=0.218) (Fig. 3B). No significant difference was
observed between CHR-NT and controls (eTable 9). In contrast,
CHR-T had lower frontal CT community system segregation index
than CHR-NT (q < 0.001, ES =0.208) and controls (q = 0.004, ES =
0.165), with no differences between CHR-NT and controls (Fig. 3B).

Group differences in these communities remained significant
after controlling for within-community mean SA or CT (eTable 9).
Frontal SA or CT community differences persisted after controlling
for antipsychotic exposure and were stable in LOO site-effect
sensitivity tests (eResult 4) and the lateralisation-effect test
(eResult 6 and eTable 16).

Within-network connectivity in temporal SA and frontal SA
communities was higher in CHR-T than CHR-NT (temporal
q<0.001, ES=0.092; frontal q<0.001, ES=0.097) and controls
(temporal q=0.002, ES=0.195; frontal q=0.004, ES=0.173)
(eTable 9). In contrast, within-network connectivity in frontal CT
network was lower in CHR-T than CHR-NT (q =0.011, ES = 0.099)
and controls (q<0.001, ES =0.211). Between-community covar-
iance did not significantly differ between CHR-T and CHR-NT.

These results suggest that the higher network distinctiveness of
frontal and temporal surface area communities in CHR-T was
driven by higher within-community covariance, not between-
community alterations (eFigure 6). Similarly, the lower network
distinctiveness of the frontal CT community in CHR-T was due to
lower within-community covariance (eFigure 6).

Among the subgroups (eResult), no differences were found
between APS and non-APS, or GRD and non-GRD groups.
Interestingly, similar to transition-related difference, BIPS showed
higher system segregation index in frontal and temporal SA
communities than non-BIPS and controls. BIPS individuals had a
higher percentage of CHR-T (31.9% of 71 BIPS) compared to APS
(16.5%) or GRD (20.9%).

Relationship between network distinctiveness and clinical
symptoms

No global network configuration measures were associated with
clinical symptom severity. Instead, symptom associations were
observed at the network level (eTable 11 and 12).

Using positive symptom z-scores from sites using SOPS or
CAARMS, we found a significant interaction between transition
status and the frontal SA community system segregation index
(p =0.038, only positive symptom z-scores were combined and
thus no correction applied). Post-hoc analysis revealed that a
greater frontal SA segregation index was associated with higher
positive symptom z-scores in CHR-NT (p = 0.004), but not in CHR-T
(p=0.177).

This was replicated in sites using SOPS alone (interaction
uncorrected p=0.018, g =0.071, eTable 11). Specifically, greater
frontal SA community system segregation index was associated
with greater SOPS positive symptoms in CHR-NT (q = 0.008), but
not in CHR-T (q =0.536) (eTable 12, Fig. 4, top row).

Moreover, a significant interaction between transition status
and the frontal CT community segregation index was found for
SOPS negative symptoms (q = 0.032, eTable 11). Post-hoc analysis
revealed that lower frontal CT community system segregation
index was associated with more severe SOPS negative symptoms
in CHR-T (uncorrected p = 0.016, g = 0.063, Fig. 4 bottom row), but
not in CHR-NT (q = 0.806, eTable 12).
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Fig. 2 A less efficient network configuration in CHR. A mean structural covariance matrix for healthy controls (left) and CHR individuals
(right). Rows and columns follow the same order of 76 nodes (top to bottom and left to right). The colours indicate the covariance strength,
with the lowest in blue and the highest in red. The white gridlines separate CT, SA and volume nodes. CHR individuals exhibited lower
structural covariance than controls. B Bar charts (with standard errors) indicating lower global efficiency, local efficiency, and clustering
coefficient in CHR individuals. CHR clinical high risk; CT cortical thickness; SA cortical surface area; Vol subcortical volume.

DISCUSSION

To better understand network-level alterations in CHR for
psychosis, we investigated structural covariance networks and
their symptom associations in a large CHR sample, yielding three
key findings: First, at the global level, CHR individuals exhibited
lower structural covariance and a less optimal structural network
configuration than controls (i.e., lower global efficiency and lower
clustering coefficient), with BIPS individuals showing lower small-
worldness than non-BIPS individuals or controls. Second, CHR-T
and CHR-NT differed only in frontotemporal network distinctive-
ness, not global metrics. This distinctiveness also separated BIPS
from non-BIPS but not APS or GRD subgroups. Third, network-level
metrics were associated with symptom severity in a transition-
status-dependent manner: lower system segregation indices in
the frontal SA network were related to lower positive symptoms in
CHR-NT, while lower system segregation indices in the frontal CT
network were related to higher negative symptoms in CHR-T.
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These findings highlight the role of network topography in
psychosis transition.

Structural network configuration in CHR is less coordinated
and suboptimal

As expected, CHR individuals differed from healthy controls in
global network configuration. These findings align with prior
research from the ENIGMA CHR-P Workgroup, which reported
subtle yet widespread structural differences [13], deviations
from normative values [15], and greater anatomical deviance at
the individual level [14] in CHR. In this study, the lower structure
covariance in CHR might reflect reduced primary synaptic
connections due to perinatal neurodevelopmental insults [90].
Without adequate protective effects from the primary connec-
tions, synaptic connections may suffer during pruning and
result in a lower survival rate, leading to lower structural
covariance.
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Despite preserved integration-segregation balance (i.e, no
small-worldness differences), CHR individuals exhibited a less
optimal global network configuration than controls, as indicated
by lower global efficiency and clustering coefficient. Lower global
efficiency implies lower global communication capacity, while
lower clustering coefficient indicates that network neighbours
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were less likely to form clusters for efficient local processing
[91-93]. Interestingly, two recent studies [40, 94] showed that
individuals with schizophrenia could be vulnerable to nodal
attack. Qualifying nodes into different types based on how well
connected they were, Palaniyappan and colleagues [40] demon-
strated that structural covariance networks in schizophrenia were
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Fig. 3 Network distinctiveness was higher in frontal and temporal SA communities and lower in a frontal CT community in CHR-T versus
CHR-NT. A Nine identified communities (colours) projected to surface (cortical regions) or structural image (subcortical regions). Among
others, SA and CT of occipital and sensorimotor areas, and subcortical brain volumes, were grouped together into the same communities.
Separate SA and CT communities were identified for temporal and frontal regions. B Bar charts (with standard errors) visualizing higher frontal
and temporal SA system segregation index, and lower frontal CT community segregation index in CHR-T versus CHR-NT (FDR-corrected across
9 communities). Horizontal bar with * indicates significant group difference after FDR correction (g < 0.05). € mean structural covariance
matrix for healthy controls (left), CHR-NT (middle) and CHR-T individuals (right). Rows and columns were grouped according to the 9
communities. The colour bars on the left and the bottom of each matrix and the colour boxes along the diagonal of each matrix indicate the
community following the same colour scheme in Fig. 3A. Within each matrix, the colours indicate the covariance strength, with the lowest in
blue and the highest in red. CHR-T individuals at clinical high risk for psychosis who transited to psychosis later in the follow-up; CHR-NT
individuals at clinical high risk for psychosis who did not transit to psychosis later in the follow-up; CT cortical thickness; SA cortical surface

area; q FDR corrected p value; FDR false discovery rate.

<

particularly sensitive to hub (the highly connected nodes)
removal. Future studies should examine whether CHR individuals
exhibit similar vulnerabilities due to their suboptimal network
configuration.

Frontotemporal network deviation from typical development
CHR-T individuals exhibited greater network distinctiveness in the
frontal and temporal SA networks and lower distinctiveness in the
frontal CT network compared to CHR-NT and controls. CHR-T
individuals also had more severe positive and negative symptoms
than CHR-NT. Given the study-specific control groups well
matched with the CHR individuals on both site effects and
participant backgrounds, such differences indicated deviations
from typical development rather than merely normal individual
variability. Importantly, across all three frontotemporal networks,
CHR-T participants deviated from controls in the same direction as
from CHR-NT, while CHR-NT did not differ from controls. Lifespan
studies [95] showed that early life to young adulthood is
dominated by greater global integration and reduced segregation.
From adolescence to young adulthood, the frontoparietal and
dorsal attention networks undergo increased between-network
covariance and decreased within-network covariance [96]. In our
study, network distinctiveness differences were driven by altered
within-network covariance, suggesting frontotemporal develop-
mental trajectory deviations from typical development may be
linked to a higher transition risk in CHR.

Though both CT- and SA-based frontal network distinctiveness
deviated from typical development in CHR-T, the deviations were
in opposite directions. CT and SA have distinct genetics [70, 71],
neurobiology [72-75], and maturation trajectories [76, 77]. Geneti-
cally, CT is linked to post-mid-fetal processes including branching,
synaptic pruning and myelination, while SA are related to
moderation of fetal neurogenesis [70]. Mechanically, in prenatal
and perinatal development, CT reflects cellular density within
radial units [72, 77], whereas SA is tied to radial unit density and
neuron migration [72, 97]. From childhood to adolescence, a
combination of normal neurodevelopmental mechanisms includ-
ing synaptogenesis, gliogenesis, dendritic arborization, and intra-
cortical myelination facilitate CT and SA changes [72-75]. Further,
adolescence is a time when CT declines faster than SA [77], which
coincides with large CT difference between CHR and controls than
SA [13]. Frontal network differences could therefore be driven by a
combination of neurodevelopmental differences and pathological
processes [98]. Pathologically, CT changes can reflect abnormal
synaptic plasticity [99, 100], neuroinflammation [101, 102], oxida-
tive stress [103, 104], and neurotransmitter dysfunction [105].
Elevated free water, a marker of neuroinflammation, appears in
first-episode psychosis but not CHR, indicating inflammation
peaks around transition [106, 107]. Further research is needed to
link frontal structural networks to specific pathologies [108].

Cortical thickness and surface area network distinctiveness:
links to symptoms and transition

CHR-T individuals had more severe positive symptoms than CHR-
NT, consistent with their higher risk of developing psychosis. As a
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group, CHR-T individuals also showed higher network distinctive-
ness in the frontal and temporal SA networks than CHR-NT and
control individuals. These group differences implied that the
frontotemporal SA network distinctiveness deviating from typical
development may be related to positive symptom severity. This is
further supported by findings in CHR-NT, where higher frontal SA
network distinctiveness was associated with more severe positive
symptoms. Notably, threshold positive symptom constitutes
psychosis diagnosis, and CHR-T individuals eventually transitioned
to psychosis during follow-up. These results suggested that
atypical frontal SA network distinctiveness was associated with
worsening symptoms in CHR until transition is imminent. At that
point, frontal SA network distinctiveness may shift from increasing
to decreasing due to the progression of atrophy from stage 2 to
stage 3 (see The network hypothesis of schizophrenia), thereby
losing its positive association with symptom severity in the CHR-
T group.

Conversely, CHR-T individuals had more severe negative
symptoms and less distinct frontal CT network than CHR-NT
individuals. These group differences implied that the frontal CT
network distinctiveness deviating from typical development may
be related to negative symptom severity. This is further supported
by findings in CHR-T, where lower frontal CT network distinctive-
ness was related to higher negative symptoms, an association
absent in CHR-NT. This suggests that frontal CT network deviations
emerge closer to psychosis onset (stage 1 in atrophy progression,
see The network hypothesis of schizophrenia).

The network hypothesis of schizophrenia
The divergent transition-related frontal SA and CT network
alterations in CHR-NT and CHR-T may reflect the different network
breakdown stages (Fig. 5). The network-based spreading hypoth-
esis states that structural deficits propagate to distant regions that
are strongly connected with the initial regions [54-56]. Disruption
of signalling, trophic support, and neurotransmitter system due to
initial focal deficit can affect neuronal survival of the distal
connected regions [57]. Hens and colleagues [61, 109] demon-
strated that signal propagation was governed by path lengths,
typically shorter within than between networks, translating
network topology into predicted dynamic outcomes. Further,
the human brain has small-world [110] and modular architecture
[38] that stays robust to random focal atrophy [63] and buffers the
atrophy from immediately spreading to multi-networks [64, 65].
Consequently, the signal propagation across networks follows a
step-like pattern reflecting the discrete nature of cross-network
advancements [61]. In this context, structural deficit propagation
can be divided into three stages (Fig. 5A and see further detailed
discussion in the supplementary): Stage one where focal structural
deficits disturb the within-network covariance and lower the
network distinctiveness; stage two where pathology dominates
the within-network covariance and heightens the network
distinctiveness; and stage three structural deficits spread to more
networks resulting in lower network distinctiveness.

The lower frontal CT network distinctiveness and the
association with clinical symptoms in CHR-T—but not CHR-NT
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Fig. 4 Association between network distinctiveness and clinical symptoms. Residuals, after removing the effects of age, sex and random
intercepts of site from the clinical scores estimated using the LMM method, were plotted against the system segregation index of the frontal
communities. Each dot represents one participant. The lines indicate the fitted association. The beta and p values were estimated using the
LMM method before FDR correction. Upper panel: Higher frontal SA community system segregation index was associated with higher SOPS
positive symptom score in CHR-NT (q = 0.008). CHR-T was higher in frontal SA system segregation index and SOPS positive symptom score
than CHR-NT. Lower panel: The lower frontal CT community was associated with higher SOPS negative symptom scores in CHR-T
(uncorrected p =0.016, g = 0.063). CHR-T was lower in the frontal CT community system segregation index and higher in SOPS negative
symptom scores than CHR-NT. CHR-T individuals at clinical high risk for psychosis who transited to psychosis later in the follow-up; CHR-NT
individuals at clinical high risk for psychosis who did not transit to psychosis later in the follow-up; SA cortical surface area; CT cortical
thickness; SOPS Scale of Psychosis-risk Symptoms; LMM linear mixed modelling; g FDR corrected p value; FDR false discovery rate; * significant
at both uncorrected p < 0.05 and corrected p < 0.05; + significant at uncorrected p < 0.05 but did not survive multiple comparison corrections.

may reflect the first stage of the network’s breakdown (Fig. 5A network covariation (Fig. 5B upper) while sparing its connectiv-
and B). CHR-T individuals, who transitioned to psychosis during ity with the rest of the brain (Fig. 5B lower). In contrast,
follow-up, may experience pathological processes atop pre- increased frontal and temporal SA network distinctiveness,
existing CHR-related abnormalities, disrupting frontal CT driven by higher within-network covariance, suggests these
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networks belong to a second stage (Fig. 5A, C). Frontal SA
abnormalities in CHR are limited to 8 of 68 regions [13], and
covariance with the rest of the brain remains intact (Fig. 5C
lower), indicating it has not yet reached the third stage.

SPRINGER NATURE

disease progression

We expect psychosis onset with cascading effects that would
result in multinetwork failures due to pathological signal spillover.
Psychosis onset is expected when between-network covariance is
affected. Previous studies suggest schizophrenia networks are less
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Fig. 5 Schematic representations of network breakdown stages. A Schematic representations of deficits spreading from stage 1 to 3 of
network breakdown. Circles represent nodes in the network. Lines connecting the circles are edges in the network. Two networks are
depicted where deficits (orange circle) spread from one network (left) to the other (right). Orange lines indicate the path of spreading from the
initial deficit node in stage 1, followed by the spreading to four additional nodes within the network (left) in stage 2, and eventually affecting
node of the other network (right) in stage 3. B Within (upper panel) and between (lower panel) network covariance of the frontal CT network.
We interpreted the lower frontal CT network distinctiveness in CHR-T than CHR-NT to reflect stage 1 of the frontal CT’s network breakdown,
which is driven by the lower within-network covariance (upper panel). C Within (upper panel) and between (lower panel) network covariance
of the frontal SA network. We interpreted the higher frontal SA network distinctiveness in CHR-T than CHR-NT to reflect stage 2 of the frontal
SA’s network breakdown, which is driven by the higher within-network covariance (upper panel). In B and C, lower between-network
covariance in CHR-NT than controls may reflect the lower mean structural covariance in CHR than controls. Horizontal bars indicate significant
group differences (q < 0.05). D Schematic representations of within (upper panel) and between (lower panel) network covariance changes
across network breakdown stages. We expect that the stage 1 and 2 of network breakdown are dominated by within-network covariance
changes. The between-network covariance increase in stage 3 due to deficit spreading across communities. E A schematic summary of the
network breakdown stages. * based on the literature [22]. CHR-T individuals at clinical high risk for psychosis who transited to psychosis later
in the follow-up; CHR-NT individuals at clinical high risk for psychosis who did not transit to psychosis later in the follow-up; CT cortical

thickness; SA cortical surface area; g FDR corrected p value; FDR false discovery rate.

hierarchical and experience hyper-covariations compared to
controls [36, 111, 112]. Though the CHR individuals in this study
are in clinical stage one that is based on symptoms and
functioning [113-115], brain networks exhibit different breakdown
stages, highlighting neuroimaging network markers as early
indicators of disorder progression.

Limitations and conclusions

Our study has several limitations. First, the findings are based on
cross-sectional T1 structural data, while the network-based spread-
ing hypothesis is inherently longitudinal. Longitudinal datasets are
necessary to better characterize brain network changes across CHR
stages and transitions to psychosis. Second, due to inter-site
assessment differences, we could not assess the relationship
between subsyndrome-related brain alterations and symptoms or
use a larger sample for brain-symptom associations. Future studies
with more homogeneous assessment tools [116] across sites are
needed. Third, the ENIGMA cohort is pooled from existing studies
from various sites. While we controlled for antipsychotic use, we
lacked data on medication dose and duration. Lastly, due to the IRB
constraints on data sharing from different sites, we do not have
access to voxel/vertex level data. Research using finer brain
parcellation and voxel/vertex level structural data could provide
more sensitive and robust metrics for detect early changes
[117, 118] and the possible lateralisation effects in CHR.

In conclusion, CHR individuals exhibit lower structural covar-
iance and less optimal structural network configuration than
controls. Greater frontotemporal SA network distinctiveness may
indicate SA abnormality, even without transition to psychosis, with
the frontal SA network linked to positive symptoms. Conversely, a
less distinctive frontal CT network was associated with negative
symptoms among those who later transitioned, suggesting
additional transition-related mechanisms. These findings support
the network-based spreading hypothesis, highlighting the value of
network topography in understanding psychosis progression.
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