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nonlinear alterations of the frontal gray matter in patients
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Although gray matter (GM) abnormalities are present from the early stages of psychosis, subtle/miniscule changes may not be
detected by conventional volumetry. Texture analysis (TA), which permits quantification of the complex interrelationship between
contrasts at the individual voxel level, may capture subtle GM changes with more sensitivity than does volume or cortical thickness
(CTh). We performed three-dimensional TA in nine GM regions of interest (ROIs) using T1 magnetic resonance images from 101
patients with first-episode psychosis (FEP), 85 patients at clinical high risk (CHR) for psychosis, and 147 controls. Via principal
component analysis, three features of gray-level cooccurrence matrix – informational measure of correlation 1 (IMC1),
autocorrelation (AC), and inverse difference (ID) – were selected to analyze cortical texture in the ROIs that showed a significant
change in volume or CTh in the study groups. Significant reductions in GM volume and CTh of various frontotemporal regions were
found in the FEP compared with the controls. Increased frontal AC was found in the FEP group compared to the controls after
adjusting for volume and CTh changes. While volume and CTh were preserved in the CHR group, a stagewise nonlinear increase in
frontal IMC1 was found, which exceeded both the controls and FEP group. Increased frontal IMC1 was also associated with a lesser
severity of attenuated positive symptoms in the CHR group, while neither volume nor CTh was. The results of the current study
suggest that frontal IMC1 may reflect subtle, dynamic GM changes and the symptomatology of the CHR stage with greater
sensitivity, even in the absence of gross GM abnormalities. Some structural mechanisms that may contribute to texture changes
(e.g., macrostructural cortical lamina, neuropil/myelination, cortical reorganization) and their possible implications are explored and
discussed. Texture may be a useful tool to investigate subtle and dynamic GM abnormalities, especially during the CHR period.
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INTRODUCTION
Gray matter (GM) abnormalities are an established finding in
patients with schizophrenia. Decreases in regional gray matter
volumes (GMVs) and cortical thickness (CTh) are consistently
reported [1–3] and are acknowledged to be present from even
first-episode psychosis (FEP) [4, 5]. While the degree of GM
reductions is greater in the chronic stage [3, 6], the rate of change
is thought to be greatest during the early stages [2, 6], with
frontotemporal regions being the most affected [2].
Clinical high risk (CHR) for psychosis, also referred to as the at-

risk mental state, constitutes a critical period in the early
prevention strategies for schizophrenia. However, unlike patients
with schizophrenia or FEP, there are mixed results regarding the
findings of GM abnormalities in CHR individuals. While some
studies reported a lesser degree of GMV or CTh decrease mainly in
the frontal regions [7–10], other studies, including a recent meta-
analysis, demonstrated either an equivocal finding [11] or even an

increase in GMV [10, 12]. Even in studies that reported GMV or CTh
reductions in the CHR period, the regions appeared to be more
varied, with inconsistent reports of association with symptoms
[10, 12–14] relative to the results of FEP studies. While both the
more heterogeneous nature of CHR subjects and the tendency
toward less prominent GM alterations are thought to underlie
discrepancies in GM findings, measurements that are more
sensitive to subtle GM changes than conventional volume- or
CTh-based metrics may prove more useful in investigating subtle/
miniscule GM abnormalities in the CHR period.
Meanwhile, texture analysis (TA) performs a quantitative

analysis of the mainly qualitative attributes of an image by
analyzing locally complex interrelationships of voxel contrasts. The
strengths of TA lie in its ability to measure complex or subtle
changes occurring at an individual voxel level, which can capture
minuscule changes not otherwise detectable by volumetric or
signal intensity measures [15]. TA has been applied to various
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imaging modalities in medical research, most actively in the fields
of oncology to aid in diagnoses, quantify lesion properties, or
predict prognoses [16, 17]. It has also shown promising results for
its application in various central nervous system disorders
[15, 18–22]. These results indicate that TA can have greater
sensitivity and add complementary clinical information than
conventional measures of volume [15, 22], with particular
strengths for early diagnosis and monitoring of disease states [23].
However, the scope of current texture research in schizophrenia is

constrained by limited sample sizes, a tendency to focus on the
chronic stage, and diverse methodologies for texture extraction
[24–26]. Furthermore, these studies have overlooked the possibility
of examining the cortical GM in a systemic manner; instead, they
have chosen to focus on unsegmented whole-brain images
[24, 25, 27, 28] or a singular region of interest (ROI) [29]. Notably,
a recent study by Korda et al. [28] used whole-brain texture to
categorize FEP and CHR subjects via explainable artificial intelli-
gence, a significant step forward. However, this approach may not
fully capture the subtle and spatially heterogeneous GM changes
that occur during the early stages of psychosis [2, 6, 30], since
attributing whole-brain texture changes to specific GM abnormal-
ities can present a challenge due to the spatial and volumetric
compression of GM compared to white matter and ventricular
spaces. Our study aims to fill this gap by focusing on GM ROIs
implicated in early-stage psychosis. More specifically, given the
sensitivity of texture measures to microstructural abnormalities
[15, 22, 31] and the nature of the established [4, 5] yet spatially
uneven GM changes [1, 2, 6, 30] during these early stages, we posit
that conducting a granular investigation of individual GM ROIs using
TA could provide additional useful insights into the dynamic GM
changes that occur during these crucial stages. This more detailed,
ROI-focused methodology stands in contrast to existing practices
[24–29] and may enable a more refined understanding of the subtle,
dynamic GM changes that unfold during the early stages of
psychosis, as compared to relying solely on measures such as
volume, CTh, or unsegmented whole-brain images.
Thus, this study investigated GM texture changes in FEP and

CHR patients compared to healthy controls (HCs). We first
identified the regions in FEP and CHR patients that showed
significant abnormalities in terms of volume, CTh, or surface area
(SA) when compared to HCs and performed TA on those regions.
We excluded the regions without any significant group effect from
the TA step because those regions were less likely to be affected
by early-stage psychosis as a whole, which, if included, could
confound later interpretations of texture group effects. We
hypothesized that (1) concurrent with previous studies, regional
GM abnormalities (in terms of the combination of volume, CTh, SA,
texture) would be observed in the FEP group, while in the CHR
group, such changes may or may not be present, (2) different
texture features may show associations with different measures of
GM structure (GMV, CTh, SA), and (3) TA may more sensitively
capture GM changes during the early phases of psychotic illness; it
may also hold additional information than conventional volume-
or CTh-based measures.

METHODS
Study participants and clinical assessments
A total of 101 patients with FEP, 85 individuals at CHR for psychosis, and
147 HCs were included. FEP and CHR individuals were recruited from the
prospective, longitudinal cohort study conducted at the Seoul Youth Clinic
(http://www.youthclinic.org) in Seoul National University Hospital (SNUH)
[32]. FEP was defined as meeting the criteria for either schizophreniform,
schizophrenia, or schizoaffective disorder as described in the Structured
Clinical Interview for DSM‐IV Axis I disorders (SCID-I), with the duration of
illness being less than 2 years. The Positive and Negative Symptom Scale
(PANSS) [33] was used to assess the symptom severity of FEP participants.
CHR status was screened and confirmed by psychiatric specialists using the
Structured Interview for Prodromal Symptoms (SIPS) [34]. The symptom

severity of CHR participants was assessed using the Scale of Prodromal
Symptoms (SOPS). Since antipsychotic medication had the potential to
confound study findings, four CHR participants who were taking
antipsychotic medication at their baseline assessment were excluded.
Participants in the control group without any family history of psychiatric
disorders were recruited using internet advertisements; they were
screened for Axis I disorders using SCID-I Non-Patient Edition (SCID-NP)
[35]. Individuals with any current/past psychiatric illness were excluded
from the HC group. Common exclusion criteria for all the participants
included (1) intellectual disability defined as an intellectual quotient less
than 70, (2) substance use disorder, (3) history of head trauma with loss of
consciousness, (4) history of seizure, and (5) presence or history of any
significant medical/surgical illnesses.
All study participants were given a thorough explanation of the study,

willingly agreed to participate, and provided written informed consent (IRB
no. H-1110-009-380, H-1511-069-719). This study was conducted in
accordance with the Declaration of Helsinki and was approved by the
Institutional Review Board of SNUH (IRB no. H-2108-245-1252).

Magnetic resonance imaging (MRI) acquisition and processing
We acquired T1-weighted MRI data using a Siemens 3T Magnetom Trio Tim
syngo MR scanner and implemented a 3D MPRAGE sequence. Key parameters
included a repetition time of 1670ms, echo time of 1.89ms, and voxel size of
1 × 0.98 × 0.98mm3. Post-acquisition, all T1 images underwent visual inspec-
tion for artifacts/lesions. Further processing and segmentation were
conducted via FreeSurfer (version 6.0), with automated processes for motion
correction, non-brain tissue removal, and Talairach transformation. Subse-
quent ROI segmentation, regional GMV, total intracranial volumes (ICV), CTh,
and SA measurements were also obtained. We excluded the hippocampus
from CTh due to its folded structure with bulbous characteristics compared to
the thin, ribbon-like appearance of other cortical GMs, which makes it more
difficult to reliably calculate the thickness values [36]. Additional procedural
details are available in the Supplementary Information.

Selection of regions of interest (ROI)
We searched relevant review articles or meta-analyses to select the most
relevant ROIs (Supplementary Table 1, Supplementary Fig. 1). Nine GM
ROIs were selected through a literature review of relevant CHR and FEP
studies: anterior cingulate cortex (ACC), hippocampus, inferior frontal gyrus
(IFG), medial prefrontal cortex (MPFC), middle frontal gyrus (MFG),
parahippocampal gyrus, precuneus, superior frontal gyrus (SFG), and
superior temporal gyrus (STG).

Texture analysis
TA was performed upon bilateral ROI masks using the 3D gray-level co-
occurrence matrix (GLCM) [37]. GLCM is an N-squared matrix, in which N
stands for the number of different gray level intensities within a region. GLCM
is used to measure the quantitative relationship between voxels by counting
the occurrences of reference voxel intensity i appearing with neighboring
voxel intensity j within a predesignated distance d and direction θ. We chose
the GLCM to measure texture for the following reasons: (1) GLCM texture is
widely used in clinical studies, such as those with Alzheimer’s Dementia (AD)
and (2) the GLCM relies on relative voxel contrasts rather than other measures,
such as first-order statistical texture, which relies on absolute values of signal
intensity. Such characteristics of the GLCM make it less prone to interscan
variability [15], which, if present, could hinder the generalization of GLCM
texture. GLCM texture calculations [15] were performed using MATLAB ver.
R2019b (The MathWorks, Inc., Natick, Massachusetts, USA).
First, extracted ROI images with original signal intensity values were

normalized by applying the 3σ normalization method, which is widely applied
in TA with the objective of removing outliers (e.g., cerebrospinal fluid, white
matter) that could confound results and cause partial volume effects [15, 38].
Then, the normalized ROI images were downscaled into 32 levels of grayscale.
This discretization step is routinely performed in TA, mainly to prevent a large
number of zero-valued entries [23, 39]. Then, a 3D GLCM map was calculated
for adjacent voxel pairs with a distance of 1 within 13 possible directions [40].
Using these 13 3D GLCM maps, each of the 22 texture features was calculated
and averaged (for 13 directions), yielding 22 texture features per ROI.

Feature selection and dimensionality reduction using
principal component analysis
The intercorrelation [15] among the texture features can lead to a high
dimensionality problem. To address this, we initially scrutinized the
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correlation patterns of the 22 texture features. We identified three
clusters through a three-step process: a meticulous visual inspection of
correlation heatmaps, unsupervised agglomerative hierarchical cluster-
ing (Supplementary Fig. 2), and evaluation of the results gleaned from
the rotated component matrices derived from principal component
analysis (PCA).
The most relevant texture features identified from each of the three

clusters were informational measure of correlation 1 (IMC1), autocorrela-
tion (AC), and inverse difference (ID) (Supplementary Fig. 3). These three
features showed a very strong correlation with the three extracted
principal components (PCs) (correlation coefficients ranging between
0.907 and 0.993). Hence, instead of the PCs, we chose to retain these
original three features (IMC1, AC, and ID), thereby preserving the
interpretability of the original texture features.
In-depth descriptions of the methods, procedures, and supporting

materials are provided in the Supplementary Information.

Texture features
The specific calculation formulae for the three texture features employed
in this study are detailed in Table 1.
IMC1 measures the correlation/complexity of voxels using mutual

information. Complete independence (no correlation) between voxels
equates to a value of −1, while complete dependence between voxels
equates to a value of 0. AC measures the fineness/coarseness of texture,
influenced by the relative intensities of voxels and their respective positions.
Generally, more pairs of higher/brighter gray levels equate to larger values
[31]. ID measures the degree of local homogeneity; greater uniformity results
in higher values. How different patterns of gray level voxels may translate
into different values of texture are illustrated in Supplementary Fig. 4.

Statistical analyses
IBM SPSS Statistics 25 (IBM, Armonk, NY, USA) was used for statistical
analyses. Group differences in demographic variables were analyzed using
analysis of variance and pairwise post hoc t-tests and chi-square tests.
Normality assumptions of volumetric/texture measures were assessed
using the Shapiro‒Wilk test. For the measures that met normality
assumptions, general linear model was used to assess main group effects.
For the measures not meeting normality assumptions, generalized linear
model was applied. For GMV and SA, the main effect of group was tested
after adjusting for the effects of age, sex, and ICV. For CTh, the main effect
of each group was tested after adjusting for age and sex. When testing for
these main group effects, the false discovery rate (FDR) was used to correct
for multiple comparison effects. Exploratory Pearson analyses with FDR
corrections were used to evaluate the general relationship between the
different texture-, volume-, and-surface-based measures. To test the main
group effect of texture measures, age, sex, regional GMV, and CTh were
entered as covariates, and FDR correction was used. For the post hoc

analysis, a pairwise t-test with Bonferroni correction was used. To delineate
the relationships between texture and symptoms, frontal texture with
significant post hoc group effects were tested to determine whether they
had significant correlations with positive or negative symptom subscores
in the CHR (SOPS) and FEP (PANSS) groups, respectively. For this purpose,
Pearson correlation with Bonferroni corrections were used.

RESULTS
Clinical and demographic characteristics of the study
participants
The three study groups differed in age [F(2,330)= 10.088,
P < 0.001], and the average age of participants in the CHR group
was approximately 3 years younger than that of participants in the
other groups (Table 2). Sex distributions were also different, with a
slight male predominance observed in the CHR and HC groups.
In the FEP group, the mean duration of illness was 6.94 months

(SD= 5.54), and the total PANSS score was 67.87 (SD= 16.33).
Participants in the FEP group were receiving a mean olanzapine
equivalent dose of 9.72 mg (SD= 7.71) [41]. CHR participants
exhibited a mean total SOPS score of 34.66 (SD= 12.36).

Group differences in regional GMV, CTh, and SA
Significant main group effects of GMV and CTh were found in
various frontotemporal regions (Table 3).
Post hoc analyses showed that a decrease in GMV was evident in

the MPFC, SFG, MFG, IFG, hippocampus, and STG of FEP patients
compared to HCs. In the CHR group, there were no significant post
hoc results in regional GMVs except for the IFG. Post hoc results
showed that CTh was decreased in the MPFC, SFG, MFG, IFG, and the
STG in the FEP group in relation to both the CHR and HC groups.

Relationship between texture, cortical thickness, regional
volume, and age
While GLCM texture features are thought to be correlated with
volume measures [22], their exact relationships have not been
properly investigated. Exploratory Pearson correlation analyses
were performed to examine the relationships between different
volumetric measures, texture, and age (Supplementary Table 3).
Weak associations between IMC1 and volume, between AC and

thickness, and between ID and thickness were found in the MPFC,
SFG, and MFG. None of the texture features showed significant
associations with age; however, frontal GMV and CTh were
moderately associated with age (Supplementary Table 4).

Table 1. Descriptive formulae of texture features used in this study.

Texture feature Formula [73] Description [73]

Inverse difference (ID) ID ¼PNg�1
k¼0

px�y kð Þ
1þk ID is a measurement of an image’s local homogeneity. More uniform gray levels

in an image will result in a greater overall value.

Autocorrelation (AC) AC ¼PNg

i¼1

PNg

j¼1 pði; jÞij Autocorrelation measures the degree of fineness or coarseness. Higher values
are produced by textures with more pairs of high gray levels.

Informational measure of
correlation 1 (IMC1)

IMC1 ¼ HXY�HXY1
max HX;HYf g IMC1 evaluates the correlation between the probability distributions of i and j

(quantifying the texture’s complexity) by using mutual information. Correlation
is a numeric value ranging from 0 (no correlation) to 1 (perfect correlation) that
indicates the linear dependence of gray level values on their respective voxels
in the GLCM. Generally, higher correlation values lead to lower IMC1 values.

Ng: the number of discrete gray level intensities

p(i, j): the normalized co-occurrence matrix, which is equal to Pði;jÞP
P i;jð Þ

P(i, j): the co-occurrence matrix for an arbitrary distance and angle

px�y kð Þ ¼ PNg

i¼1

PNg

j¼1 p i; jð Þ, where |i-j |= k and k= 0,1, …, Ng-1

HX ¼ �PNg

i¼1px ið Þ log2 px ið Þ þ ϵð Þ, which is the entropy of px
HY ¼ �PNg

i¼1py ið Þ log2 py ið Þ þ ϵ
� �

, which is the entropy of py

HXY ¼ �PNg

i¼1

PNg

j¼1p i; jð Þ log2 p i; jð Þ þ ϵð Þ, which is the entropy of p(i,j)

HXY1 ¼ �PNg

i¼1

PNg

j¼1p i; jð Þ log2 px ið Þpy jð Þ þ ϵ
� �

The Supplementary Materials of this reference article [73] contain a comprehensive description of each formula.
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Separate correlation analyses were also performed in each of
the study groups (Supplementary Tables 5–7). Similar patterns of
association between IMC1 and volume, between AC and
thickness, and between ID and thickness in the MPFC, SFG, and
MFG were found in FEP patients and HCs. In the CHR group,
however, texture was not associated with either volume or
thickness.

Group differences in texture features
The main group effects were tested using texture features of the
six ROIs that showed significant group differences in GMV and CTh
(Table 4). Significant group effects were found in the IMC1
textures of all 6 ROIs. The effects of AC and ID were restricted to
the frontal subregions.
Post hoc analysis revealed a significant and consistent increase

in frontal IMC1 (i.e., less correlation and more complexity) in the
CHR compared to the HC group. Additionally, AC increases (i.e.,
increased coarseness) in the MPFC, SFG, and MFG were found in
the FEP compared with the HC group, and the ID was decreased in
the MPFC (i.e., decreased homogeneity) in CHR individuals
compared with HCs.

Association of psychotic symptoms and texture features
In the FEP group, there were no significant correlations between
symptom subscores and texture features.
In the CHR group, a smaller SOPS positive subscore was

associated with larger values of IMC1 textures in the MFG
(r=−0.447, P < 0.001, P-Bonferroni < 0.001), MPFC (r=−0.370,
P < 0.001, P-Bonferroni= 0.016), and SFG (r=−0.363, P < 0.001, P-
Bonferroni= 0.021); however, this association was not observed in
the regional GMVs or CTh measures (Fig. 1).

DISCUSSION
In this study, we performed TA on psychosis-affected GM regions
to investigate the utility of texture in the early stages of psychosis.
First, we found that frontotemporal GM abnormalities were
evident only in FEP (and not in the CHR group) compared with
HCs. Namely, a significant decrease in CTh in the FEP compared to
both the CHR and HC groups and a decrease in GMV in the FEP

compared to the HC group were observed. These results are in line
with previous reports in the literature, in which a pronounced
decrease in frontotemporal GMV/CTh after psychosis onset with
mixed findings of a decrease in GMV/CTh in the CHR period has
been observed [7–11, 42]. Second, an increase in frontal AC
texture was found in FEP patients compared to HCs after adjusting
for changes in GMV/CTh. Third, we identified a distinctive and
consistent pattern of increased frontal IMC1 texture in the CHR
group that remained significant even after controlling for the
effects of GMV/CTh measures. The pattern of increase in frontal
IMC1 texture in the CHR group was stagewise nonlinear; it
exceeded both the controls and FEP group. Increased frontal IMC1
was also associated with a lesser severity of attenuated positive
symptoms in the CHR group; however, neither GMV nor CTh
shared this association.

Interpretation of GMV and CTh findings
Accumulated evidence points to frontotemporal GM abnormalities
as an established finding in patients with FEP [4] and chronic
schizophrenia [43]. In CHR studies, however, such GM abnormal-
ities are more varied, with reports of decreased [7–10], equivocal
[11], or even increased [10, 42] GMV findings. The results of our
study support the extant literature, given that a frontotemporal
GMV decrease was evident only in the FEP group (and not in the
CHR group) compared with the controls. Such discrepancies in the
GM findings between CHR and FEP patients may result from the
presence of subtle GM changes in the CHR period not overt
enough to be reflected as GMV/CTh changes. The results of a
recent mega-analysis by the ENIGMA working group also support
this notion, showing that while the CHR group exhibited a
widespread decrease in CTh, the degree of decrease was subtle
[30].
Meanwhile, previous studies have provided evidence of T1 GM

intensity alterations in patients with schizophrenia [44, 45], in
which the degree of alterations was observed to be either similar
to [46] or in excess of the degree of cortical thinning [47].
Moreover, a recent publication found that T1 GM intensity was
altered in the absence of significant CTh changes in CHR [11],
suggesting these measures could be more sensitive than GMV/
CTh in these early stages. Since GLCM texture is calculated with

Table 2. Clinical and demographic variables of the study participants.

FEP (n= 101) CHR (n= 85) HC (n= 147) Statistics

F or χ2 P value

Age (years) 23.54 ± 5.82 20.66 ± 3.84 23.39 ± 4.89 10.088 <0.001

Sex (male/female) 50/51 63/22 97/50 12.969 0.002

DOI (months) 6.98 ± 5.54

Total PANSS score 67.87 ± 16.33

Positive symptoms 16.38± 5.31

Negative symptoms 17.58 ± 6.01

General symptoms 33.90 ± 8.35

Total SOPS score 34.66 ± 12.36

Positive symptoms 9.89 ± 3.69

Negative symptoms 13.61 ± 6.33

Disorganization 4.19 ± 2.79

General symptoms 6.98 ± 4.33

Antipsychotic dose (mg)a 9.72 ± 7.71 0

Intracranial volume (cm3) 1580 ± 147 1631 ± 147 1600 ± 157 2.632 0.073

HC healthy control, CHR clinical high risk for psychosis, FEP first-episode psychosis, DOI duration of untreated illness, PANSS Positive and Negative Symptom
Scale, SOPS Scale of Prodromal Symptom.
aAntipsychotic dose is stated as the olanzapine equivalent dose [41].
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regard to various properties of underlying T1 GM intensities, it
may detect subtle and miniscule changes with greater sensitivity
than a single metric (GMV, CTh, GM intensity) [15, 22].

Interpretation of how texture may reflect the underlying
cortical structure of the first-episode psychosis group
It is important to note that caution should be taken when
interpreting the meaning of texture in the absence of histological
data. However, T1 signal intensity is known to be sensitive to
changes in the underlying tissue microstructure, such as the
content of myelin, cell density, size of neurons, and free water [48].
Of them, T1 signal intensity is known to be particularly dependent
on changes in the brain myeloarchitecture [48]. Possible explana-
tions for increased frontal AC in the FEP group include changes in
(1) the macrostructural cortical lamina, (2) the amount/density of
neuropil, and (3) cortical myelination. Figure 2 demonstrates a
proposed schematic explanation of texture and volume changes
occurring in the early-stage psychosis.
First, changes in the macrostructural cortical lamina may have

contributed to the texture change in the FEP group. Since human
GM CTh varies between 1.6–4.5 mm with the frontal cortex being

the thickest [49], the normal laminar structure of the frontal cortex
is assumed to be three-to-five voxel-layers deep. Deeper layers of
GM cortex are more densely myelinated [50], resulting in higher/
brighter T1 intensity. Because GMV decreases in schizophrenia are
thought to be mainly driven by cortical thinning occurring most
prominently in layers II and III [51–53], the frontal cortical structure
of the FEP group with decreased GMV may be conceptualized as
being approximately two-to-three voxel-layers deep [54]. These
decreases in GMV/CTh may accompany changes in AC texture. In
other words, an increase in AC may result from the dispropor-
tionate thinning of different cortical layers (leading to overall
changes in the relationship between different cortical and voxel
layers). More specifically, as presented in Fig. 2, the GMV decrease
in FEP patients may have caused alterations in the upper cortical
layers (II and III), resulting in a higher signal intensity than that
observed in controls. This explanation is also supported by the
results of our exploratory correlation analysis (Supplementary
Table 3), which demonstrated a consistent negative association
between frontal AC and CTh.
Another factor that might contribute to texture changes in the

FEP group includes changes in microstructural organization. In

Table 3. Regional gray matter volume, cortical thickness, and surface area values of study participants.

HC (n= 147)a CHR (n= 85)b FEP (n= 101)c Fd or Wald χ2e p value p-FDRf Post hocg

Gray matter volume

Anterior cingulate cortex 9889 ± 105 9905 ± 150 9803 ± 119 0.198 0.820 0.985 –

Medial prefrontal cortex 62530 ± 373 61890 ± 532 60689 ± 422 5.481 0.005 0.019* c < a

Superior frontal gyrus 52640 ± 338 51985 ± 482 50886 ± 383 6.039 0.003 0.028* c < a

Middle frontal gyrus 51716 ± 344 51205 ± 492 50126 ± 390 4.811 0.009 0.029* c < a

Inferior frontal gyrus 25709 ± 215 25796 ± 308 24726 ± 244 5.704 0.004 0.019* c < a, b

Hippocampus 9608 ± 54 9472 ± 77 9272 ± 61 8.493 <0.001 0.003** c < a

Parahippocampal gyrus 4349 ± 43 4368 ± 62 4342 ± 49 0.055 0.946 0.985 –

Superior temporal gyrus 28926 ± 218 28612 ± 312 27695 ± 247 7.280 0.001 0.008** c < a

Precuneus 22813 ± 161 23132 ± 217 22937 ± 189 1.459 0.482 0.770 –

Cortical thickness

Anterior cingulate cortex 2.720 ± 0.011 2.713 ± 0.016 2.681 ± 0.012 3.362 0.050 0.126 –

Medial prefrontal cortex 2.913 ± 0.010 2.912 ± 0.014 2.842 ± 0.011 14.750 <0.001 <0.001*** c < a, b

Superior frontal gyrus 2.952 ± 0.010 2.953 ± 0.015 2.875 ± 0.012 14.950 <0.001 <0.001*** c < a, b

Middle frontal gyrus 2.559 ± 0.008 2.543 ± 0.012 2.488 ± 0.010 21.466 <0.001 <0.001*** c < a, b

Inferior frontal gyrus 2.689 ± 0.009 2.683 ± 0.013 2.626 ± 0.010 19.857 <0.001 <0.001*** c < a, b

Parahippocampal gyrus 2.590 ± 0.019 2.575 ± 0.027 2.585 ± 0.021 0.475 0.904 0.985 –

Superior temporal gyrus 2.896 ± 0.010 2.911 ± 0.014 2.819 ± 0.013 26.889 <0.001 <0.001*** c < a, b

Precuneus 2.439 ± 0.009 2.424 ± 0.013 2.408 ± 0.010 9.842 0.067 0.146 –

Surface area

Anterior cingulate cortex 2942+ 30 2967 ± 43 2975 ± 34 0.286 0.752 0.940 –

Medial prefrontal cortex 17534 ± 109 17501 ± 156 17522 ± 123 0.015 0.985 0.985 –

Superior frontal gyrus 14568 ± 128 14824 ± 168 14383 ± 154 3.732 0.155 0.242 –

Middle frontal gyrus 14838 ± 103 14891 ± 147 14909 ± 117 0.114 0.892 0.985 –

Inferior frontal gyrus 7720 ± 72 8017 ± 95 7572 ± 87 12.203 0.002 0.007*** b > a, c

Parahippocampal gyrus 1338 ± 13 1369 ± 17 1328 ± 15 3.296 0.192 0.282 –

Superior temporal gyrus 8122 ± 49 8140 ± 71 8050 ± 56 0.654 0.521 0.724 –

Precuneus 8179 ± 72 8439 ± 104 8414 ± 82 3.208 0.042 0.081 –

HC healthy control, CHR clinical high risk, FEP first-episode psychosis, FDR false discovery rate.
*p-FDR < 0.05, **p-FDR < 0.01, ***p-FDR < 0.001.
a,b,crefer to those respective groups in the post hoc analysis results.
dGeneral linear model or egeneralized linear model to test for the main effect of group. For the regional volumes and surface area, age, sex, and intracranial
volumes were entered as covariates. For cortical thickness, age and sex were entered as covariates.
fMultiple correction was performed using the false discovery rate (FDR).
gPairwise comparison with Bonferroni correction.
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postmortem studies of patients with chronic schizophrenia, cortical
layer III abnormalities (decreases in neuronal size, dendrite density,
and neuropil) are most consistently reported [55, 56]. Findings of
abnormal oligodendrocytes in cortical layers III, V, and VI [57, 58]
are also widely replicated in patients with schizophrenia. It is
important to note that the results of these postmortem studies,
which primarily include chronic patients, are not directly transfer-
rable to the interpretation of texture changes observed in FEP
patients. However, accumulating evidence from in vivo neuroima-
ging studies also supports the presence of GM microstructure
disruption in both patients with FEP and schizophrenia [59, 60],
implicating disrupted cortical myelination and altered cytoarchi-
tecture mainly in the frontotemporal areas [59, 60]. From these
results, the following inferences can be made: changes in both
macroscopic and microstructural organizations of GM can be
measured by MRI, even as early in the FEP period.
Abnormalities in AC have been implicated in other central

nervous disorders [31, 61–63], and one study has suggested a
possible link to abnormal intracortical myelination [31]. While
current evidence on the findings of intracortical myelin in patients

with schizophrenia is inconclusive, the most recent publication
utilizing myelin-specific imaging demonstrated increased markers
of intracortical myelin in the midcortical layers within the
prefrontal regions [64]. Moreover, while intracortical myelination
increases from adolescence to middle-late adulthood during
normal development [65], aberrant increases are thought to
hinder new dendrite formation, thereby leading to decreased
plasticity and disruption of local circuitry [66]; this corresponds
with the modern understanding of schizophrenia as a disconnec-
tion syndrome. Increased frontal AC in the FEP group may either
reflect changes in cytoarchitecture or intracortical myelination or
possibly changes in both (i.e., intermittent occurrence of lighter
gray voxels between generally darker backgrounds of GM). It is also
pertinent to note that, in terms of T1 contrast, both the decrease in
neuropil (including somal size and dendrites) and the increase in
cortical myelination can result in higher T1 signal intensity [67].

Hypothesized implications of texture in the CHR group
Because the actual histology and cytoarchitecture of the at-risk
states cannot be ascertained due to the lack of postmortem

Table 4. Main group effects and post hoc results for regional texture features.

Region and texture features HC (n= 147)a CHR (n= 85)b FEP (n= 101)c Statisticsd, e

Fd or Wald χ2e p valuef p-FDR Post hocg

IMC 1

Frontal

MPFC −0.181 ± 0.003 −0.156 ± 0.005 −0.172 ± 0.004 8.711 <0.001 0.003** b > a

SFG −0.148 ± 0.003 −0.129 ± 0.004 −0.140 ± 0.004 7.346 0.001 0.009** b > a

MFG −0.114 ± 0.002 −0.101 ± 0.003 −0.112 ± 0.003 6.171 0.002 0.009** b > a, c

IFG −0.125 ± 0.002 −0.110 ± 0.003 −0.115 ± 0.003 11.533 0.003 0.009** b > a, c

Temporal

STG −0.069 ± 0.002 −0.081 ± 0.003 −0.072 ± 0.002 10.811 0.004 0.010* b < a

Hippocampush −0.042 ± 0.001 −0.046 ± 0.001 −0.046 ± 0.001 12.510 0.002 0.009** b, c < a

Autocorrelation

Frontal

MPFC 305.21 ± 14.57 356.91 ± 19.62 364.26 ± 17.76 8.431 0.015 0.030* c > a

SFG 237.92 ± 14.07 292.63 ± 19.01 300.30 ± 17.16 10.095 0.006 0.013* c > a

MFG 266.84 ± 16.11 346.39 ± 21.50 332.20 ± 19.66 11.593 0.003 0.009** b, c > a

IFG 512.57 ± 17.53 574.93 ± 23.55 560.57 ± 21.28 5.812 0.055 0.083 –

Temporal

STG 610.67 ± 22.50 579.01 ± 30.22 571.06 ± 27.09 1.504 0.471 0.499 –

Hippocampush 371.89 ± 15.56 399.33 ± 21.02 351.48 ± 18.77 2.805 0.240 0.270 –

ID

Frontal

MPFC 0.793 ± 0.004 0.776 ± 0.005 0.780 ± 0.005 7.211 0.027 0.044* b < a

SFG 0.793 ± 0.005 0.771 ± 0.007 0.772 ± 0.006 8.141 0.017 0.031* –

MFG 0.769 ± 0.005 0.753 ± 0.007 0.756 ± 0.006 3.397 0.183 0.220 –

IFG 0.769 ± 0.004 0.779 ± 0.005 0.782 ± 0.004 4.459 0.108 0.143 –

Temporal

STG 0.846 ± 0.005 0.859 ± 0.007 0.865 ± 0.007 4.395 0.111 0.143 –

Hippocampush 0.907 ± 0.004 0.908 ± 0.006 0.901 ± 0.005 1.103 0.577 0.577 –

*p-FDR < 0.05, **p-FDR < 0.01.
a,b,crefer to those respective groups in the post hoc analysis results. Groupwise texture values are presented as the estimated average ± standard error after
controlling for the effects of the confounding variables.
dGeneral linear model or egeneralized linear model to test for the main effect of group after adjusting for the effects of age, sex, regional volume and cortical
thickness.
fResults of multiple regression were corrected with the false discovery rate. Those with a corrected p level ≤ 0.05 were considered significant.
gPairwise comparison with Bonferroni correction.
hFor the hippocampus, the effects of age, sex, and regional volume were adjusted.
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studies, interpretation of the effects of a dyscorrelated pattern of
frontal texture in patients at CHR is difficult. We suggest two
possible explanations. First, increased IMC1 in the CHR group
could reflect cytoarchitectural abnormalities present at above a
subthreshold level (e.g., aberrant intracortical myelin, decreased
somal size, dendrite density, and neuropil). The second possibility
is that the results of a stagewise nonlinear increase in frontal IMC1
may reflect a dynamic reorganization process. Namely, we suggest
that the less correlated, less interdependent voxel relationships as
reflected by the increased IMC1 in the CHR group may be a
reflection of a more dynamic, predisorder cortex as opposed to
the more static/stabilized cortex seen in both HCs and FEP groups
(i.e., more correlated and interdependent local voxel relationships
are reflected by a smaller IMC1).
Human cortex undergoes a constant reorganization process

during exposure to both normative and pathological stimuli [67].
In terms of disease process, such a reorganization process could
reflect either consolidation or resilience to disease states
depending on the functional outcome [68, 69]. Since CHR
represents a subthreshold prodromal period that could result in
remission or a transition into psychosis, the pattern of dyscorre-
lated cortical texture (i.e., an increase in the appearance of voxels
that are independent of nearby voxels) in this group may reflect
that a dynamic reorganization process is in place (e.g., formation

or elimination of synapses/dendrites, shrinkage of large neurons,
myelination, demyelination, or even reactive myelination) [70],
occurring before pathological changes become more prominent
and consolidated (e.g., overt decreases in GMV/CTh).
Some seemingly contradicting previous reports of increased

GMV in CHR and FEP patients have also implied that such a
reorganization process may take place. Dukart and colleagues
reported distributed regional GMV increases (mainly in the
frontotemporal regions) in CHR and FEP groups compared to
controls [42]. A commentary regarding these findings by
Palaniyappan and colleagues highlighted the possible role of
the ameliorative reorganization process, which “may underlie the
physiology of compensation and resilience” [71]. If such compen-
satory reorganization processes are indeed present in the CHR
stage, our results may provide useful insights into understanding
the structural determinants of either progression or resilience to
psychotic illness.

Different patterns of texture alterations in the temporal
regions
The variation in cortical architecture may have led to a different
pattern of alterations in the temporal texture compared to the
frontal areas. These differences are discussed in further detail in
the Supplementary Information.

Fig. 1 Association of attenuated positive symptom severity in the clinical high-risk group with texture/volumetric features. Texture was
negatively associated with positive SOPS subscores, while regional volumes and cortical thickness were not. a Middle frontal gyrus. b Medial
prefrontal cortex. c Superior frontal gyrus. a Gray matter volume adjusted for by the intracranial volumes. P* P value after Bonferroni
correction. SOPS Scale of Prodromal Symptoms, IMC1 informational measure of correlation 1.
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Strengths and limitations
To our knowledge, this is the first study to investigate the
relationship between GM texture and disease stage, volumetric
measures (GMV, CTh, SA), age, and clinical symptoms in CHR and
FEP patients. Crucially, previous studies have predominantly
examined whole-brain images, presenting a challenge in attribut-
ing whole-brain texture changes to GM abnormalities due to the
spatial and volumetric compression of GM compared to white
matter and ventricular spaces. Our study is the first to system-
atically explore GM texture abnormalities in early-stage psychosis,
augmenting the novelty of our findings and methods. Further-
more, our results indicate a relatively strong and consistent
association between increased frontal IMC1 and reduced severity
of attenuated positive symptoms, suggesting that texture may be
an indicator of CHR symptomatology that has greater sensitivity
than volume/CTh. This is the first study in psychosis or
schizophrenia research to link the symptoms in the CHR stage
consistently with GM texture. Our results also suggest the
possibility of a dynamic reorganization process during the CHR
period, which has the potential to make significant contributions
to the field by illuminating new aspects of GM changes during the
early-stage psychosis. However, this study had several limitations
with some implications for future studies.
First, the meaning of texture could not be directly inferred since

histological data were not available. While this precludes
delineating the specific origin of texture changes, results do
suggest that texture provides more information than volumetric
measures alone. Since GM decreases in psychosis are assumed to
be a complex process that is not driven by a single factor
[51, 56, 67, 71], texture may provide a unique snapshot of GM
changes that occur both macro- and micro-structurally. Magnetic
resonance texture studies utilizing specific animal models of
psychosis may provide a greater understanding of the specific
histological background of texture.
Second, MRI data used in this study were collected cross-

sectionally in a single center, which limits the generalizability of
the results. Nevertheless, GLCM texture is thought to be less

influenced by interscanner effects and more generalizable than
other radiomic/texture features, such as first-order statistics [15].
Additionally, while not directly comparable, a previous oncologic
radiomic/texture study utilizing large-scale multicenter imaging
data demonstrated these features not only were stable and
reproducible but also held translational capabilities across
different tumor types [72].
Third, it cannot be inferred from the findings of this study alone

if the results represent a psychosis-specific abnormality. While the
CHR group in this study were not receiving any antipsychotic
medications, most patients with FEP were receiving them.
However, AC texture has also been implicated in other central
nervous system disorders in at least four previous studies
[21, 31, 61–63]. If the widely different etiology/pathophysiology
of these disorders – AD, amyotrophic lateral sclerosis, dementia
with Lewy bodies, psychosis – are considered, texture abnormal-
ities common to these different disorders (AC) are more likely to
imply a relationship with downstream neural changes (e.g.,
myelination or change in the amount of neuropil) rather than
the effects of medication or disease specificity. On the other hand,
IMC1 might be a measure with greater sensitivity that is capable of
detecting subtle and possibly dynamic changes in the GM even in
the absence of overt changes in GMV/CTh. Future studies should
investigate whether these texture changes occur in a psychosis-
specific manner.
In conclusion, this study investigated the utility of texture and

its relationship with volume, CTh, age, and clinical symptoms in
subjects with early-stage psychosis. The results of volumetric and
CTh analyses indicated overt frontotemporal GM abnormalities in
the FEP but not in the CHR group; these findings support the
extant literature. The TA results revealed a consistent and
distinctive pattern of increased frontal IMC1 in the CHR group
that remained significant even after controlling for the effects of
volume and CTh. Furthermore, we found a relatively strong and
consistent associations between increased frontal IMC1 and
reduced severity of attenuated positive symptoms in the CHR
group. Possible implications of these texture alterations are

Fig. 2 Schematic illustration of the study findings. a Normal cytoarchitecture (left) and texture (right) of the frontal cortex. Voxel contrast,
which is determined by T1 signal intensity, is sensitive to tissue myelin content. Thus, the texture matrices of cortical layers IV, V, and VI, which
contain abundant intracortical myelin, result in higher (i.e., brighter) gray levels. This spectral ordering from darker to brighter voxel intensities
[50] forms a uniform, fine cortical texture. b Proposed cytoarchitecture and texture of clinical high-risk individuals. Total volume and cortical
thickness are relatively preserved (i.e., unchanged or subthreshold decreases). Either of the following two cytoarchitectural factors may
contribute to the more dyscorrelated cortical texture found in this group. First, subtle changes in underlying cells and tissues (e.g.,
subthreshold decreases in dendrite density, neuropil, somal size) may be present (depicted as dark red triangles). Second, it may be a result of
compensatory, reorganization processes (e.g., formation/elimination of synapses/dendrites, shrinkage of large neurons, myelination,
demyelination, or even reactive myelination). c Proposed cytoarchitecture and texture of patients with first-episode psychosis. First, total
volume and cortical thickness are decreased; this decrease is mostly driven by changes occurring in cortical layers II and III. This results in a
decrease in the number of voxels in the texture matrix (i.e., four voxels deep→ three voxels deep). This also results in an overall spatial pattern
change in which rows of voxels represent layers of the cortex. Second, somal size, dendrite density, and the corresponding neuropil are
decreased (up to 23%) [74] in deep layer III (depicted as dark red triangles). Third, oligodendrial abnormalities found in layers III, V, and VI may
result in aberrant intracortical myelination. Such overall cytoarchitectural changes may be reflected upon texture changes, resulting in a
coarser cortical texture.
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discussed in terms of structural organization of the GM and their
hypothesized functions. These findings suggest that frontal IMC1
texture may be an indicator of both symptomatology and
dynamic GM changes occurring during the CHR period that has
greater sensitivity than volume/CTh. This study highlights the
potential of texture as a useful tool to investigate subtle GM
changes in early-stage psychosis.
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