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Abstract: Neocortical phenotype of cortical surface area (CSA) and thickness (CT) are influenced by
distinctive genetic factors and undergo differential developmental trajectories, which could be captured
using the individualized cortical structural covariance (ISC). Disturbed patterns of neocortical develop-
ment and maturation underlie the perceptual disturbance of psychosis including auditory hallucination
(AH). To demonstrate the utility of selected ISC features as primal biomarker of AH in first-episode
psychosis (FEP) subjects experiencing AH (FEP-AH), we employed herein a support vector machine
(SVM). A total of 147 subjects (FEP-AH, n 5 27; FEP-NAH, n 5 24; HC, n 5 96) underwent T1-
weighted magnetic resonance imaging at 3T. The FreeSurfer software suite was used for cortical par-
cellation, with the CSA-ISC and CT-ISC then calculated. The most informative ISCs showing statistical
significance (P< 0.001) across every run of leave-one-out group-comparison were aligned according to
the absolute value of averaged t-statistics and were packaged into candidate feature sets for classifica-
tion analysis using the SVM. An optimal feature set comprising three CSA-ISCs, including the intrapar-
ietal sulcus, Broca’s complex, and the anterior insula, distinguished FEP-AH from FEP-NAH subjects
with 83.6% accuracy (sensitivity 5 82.8%; specificity 5 85.7%). Furthermore, six CT-ISCs encompassing
the executive control network and Wernicke’s module classified FEP-AH from FEP-NAH subjects with
82.3% accuracy (sensitivity 5 79.5%; specificity 5 88.6%). Finally, extended sets of ISCs related to the
default-mode network distinguished FEP-AH or FEP-NAH from HC subjects with 89.0–93.0% accuracy
(sensitivity 5 88.4–93.4%; specificity 5 89.0–94.1%). This study established a distinctive intermediate
phenotype of biological proneness for AH in FEP using CSA-ISCs as well as a state marker of disease
progression using CT-ISCs. Hum Brain Mapp 37:1051–1065, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Auditory hallucinations (AH), which are experienced by
60–70% of subjects with schizophrenia [Andreasen and
Flaum, 1991; Cachia et al., 2015], may be characterized as
false perceptions of sounds including words, whole sen-
tences, or entire conversations in the absence of an identifi-
able, external stimulus [Jardri et al., 2011, 2013]. Unlike
nonclinical subjects who may experience isolated, infre-
quent AH [van Lutterveld et al., 2014], in subjects with
schizophrenia, AH disrupts the thought content and
reality-testing capacity of patients, resulting in severe func-
tional impairment in academic, occupational and interper-
sonal relationship domains, typically during the most
productive years of adulthood [Fletcher and Frith, 2009;
Shergill et al., 2001]. Furthermore, in 25–30% of psychotic
subjects, AH is not resolved satisfactorily by antipsychotic
medication [Shergill et al., 2001].

Core schizophrenia symptoms, including AH, may be
better understood in the context of dysconnectivity
between hub regions, rather than deficits in particular
brain areas [Benetti et al., 2015; Rubinov et al., 2009]: AH
in schizophrenia might result from crosstalk between hubs
comprising distributed, intrinsic brain networks, devel-
oped and influenced by both genetic and environmental
factors across the neurodevelopmental and maturational
phases of structural brain-wiring [Buckholtz and Meyer-
Lindenberg, 2012]. Alterations in the perisylvian language
network, which produces and interprets semantic informa-
tion and consists of Broca’s area in left inferior frontal cor-
tex and Wernicke’s posterior temporal and Geschwind’s
supramarginal cortices [Catani et al., 2011; Tomasi and
Volkow, 2012], have been reported in schizophrenia
patients experiencing AH [Benetti et al., 2015; Jardri et al.,
2011, 2013]. Furthermore, the close-to-ordinary perceptual
nature of AH, which renders discrimination from external
sources problematic [Jardri et al., 2011], may be explained
by faulty attribution of agency from the self, comediated
by the right intraparietal sulcus (IPS) of the dorsal top-
down attention network [Anderson et al., 2010] and the
anterior insula of the salience network [Ffytche and Wible,
2014; Seeley et al., 2007]. Alterations in the pattern of com-
munication between the salience (SN), executive control
(ECN) [Seeley et al., 2007] and default mode (DMN)
[Andrews-Hanna et al., 2010] networks also represent a
possible neural mechanism underlying AH [Chen et al.,
2013; Menon, 2011]. However, cross-sectional studies of
alterations in structural and functional connectivity cannot
address the fundamental mechanism underlying the erro-
neous information processing that characterizes AH,
which in turn is related to neurodevelopmental and

neuromaturational processes in the cerebral cortex [Kubera
et al., 2014; Modinos et al., 2009].

Individualized structural covariance (ISC) of cortical
morphology, such as cortical surface area (CSA-ISC) and
thickness (CT-ISC), represents a concept adapted from
interindividual structural covariance [Alexander-Bloch
et al., 2013a; Sanabria-Diaz et al., 2010] and intraindividual
cortical morphological features [Wee et al., 2013]. ISC
describes the inter-regional brain networks per subject
reflecting the coordinated growth of brain [Valk et al.,
2015], which was influenced by both genetic and environ-
mental factors [Hill et al., 2010; Zielinski et al., 2010] dur-
ing neurodevelopment [Haukvik et al., 2014] and cortical
maturation in adolescence [Alexander-Bloch et al., 2013b]
as well as disease-related cortical changes during the pro-
gression from prodromal to full-blown psychosis [Wheeler
et al., 2014]. CSA and CT are characterized by distinctive
developmental trajectories and patterns of variability,
influenced by genetic factors and disease-related patho-
physiological mechanisms [Haukvik et al., 2014; Kremen
et al., 2013]. To facilitate the translation of hypothesized
neural mechanisms underlying AH in schizophrenia to
individually targeted therapeutic interventions, we
employed herein a supervised machine learning strategy,
performed using a support vector machine (SVM), to dis-
tinguish subjects experiencing AH during first-episode
psychosis (FEP-AH) from non-AH FEP subjects (FEP-
NAH) and healthy controls (HCs). Notably, we employed
the concepts of CSA-ISC and CT-ISC, which incorporate
the inherently interconnected nature of cortical morphol-
ogy at the individual level [Kambeitz et al., 2015], into our
SVM model.

MATERIALS AND METHODS

Subjects

A total of 147 participants (FEP, n 5 51; HCs, n 5 96)
between 17 and 37 years of age, with intelligence quotients
(IQ) between 70 and 130 at the time of study enrollment
(indexed by the Korean version of the Wechsler Adult
Intelligence Scale; K-WAIS) [Yum et al., 1992] and with no
prior history of significant head injury, were recruited
between May 2010 and October 2014. All 51 FEP patients
were recruited from the Seoul Youth Clinic of Seoul
National University Hospital and were assessed by certi-
fied psychiatrists using the Structured Clinical Interview
for DSM-IV axis I Disorders (Patient Edition; SCID-I).
Schizophrenia (n 5 31), schizophreniform disorder (n 5

12), schizoaffective disorder (n 5 3), and psychotic disor-
ders not otherwise specified (n 5 5) represented subjects’
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primary axis I psychiatric diagnoses, based on DSM-IV cri-
teria (4th edition, text revision; DSM-IV-TR). In addition,
96 HCs matched with FEP patient for age and sex and
recruited using study advertisements were screened using
the nonpatient version of the SCID (SCID-NP) to confirm
the absence of a lifetime history of psychiatric disorder.

Additional quantitative assessments of psychopathology
in FEP subjects, using the Positive and Negative Syndrome
Scale (PANSS) [Kay et al., 1987], Hamilton Rating Scale for
Depression (HAM-D) [Zimmerman et al., 2013], Hamilton
Anxiety Rating Scale (HAM-A) [Bruss et al., 1994], and
Modified Global Assessment of Functioning Scale (GAF-
M) [Hall, 1995], measured the severity of positive, negative
and disorganized symptoms [Edgar et al., 2014] as well as
the severity of any accompanying depressive mood, anxi-
ety and the level of functioning, respectively. According to
the presence (PANSS P3� 4) or absence (PANSS P3� 2) of
AH symptomatology, subjects were allocated to FEP-AH
(n 5 27) or FEP-NAH (n 5 24) subgroups for subsequent
analyses.

This study was approved by the Institutional Review
Board of Seoul National University Hospital. After receiv-
ing a full explanation of the procedures involved, written
informed consent was obtained from all participants.

Data Acquisition, Processing, and Extraction of

Cortical Morphology

Whole-brain anatomy was measured for all subjects
using high-resolution T1-weighted, three-dimensional
Magnetization Prepared Rapid Gradient Echo (TR 5 670
ms; TE 5 1.89 ms; FOV 5 250 mm; FA 5 98; voxel size 5 1
3 1 3 1 mm3) scans on a 3-Tesla scanner (Siemens Magne-
tom Trio, Erlangen, Germany). CSA and CT were esti-
mated using FreeSurfer software suite (version 5.3.0,
http://surfer.nmr.mgh.harvard.edu) [Fischl et al., 2004].
The “recon-all” function of the FreeSurfer suite prepro-
cessed the T1-weighted magnetic resonance imaging (MRI)
data within the pipeline consisted of intensity normaliza-
tion, registration to Talairach space, skull stripping, tissue
segmentation, tessellation of the white matter (WM)
boundary, smoothing of the tessellated surface and auto-
matic topology correction [Clarkson et al., 2011]. Subse-
quently, surface deformation processing to define the
boundary between WM and pial tissue using the previ-
ously tessellated surface as a reference, enabled measure-
ment of CT, calculated as the shortest distance between
gray/WM boundary and the gray matter/CSF boundary
at each vertex on the tessellated surface [Fischl and Dale,
2000]. After preprocessing of MRI image completed, auto-
matic parcellation with subsequent extraction of the CSA
for the 148 regions of interest (ROI) that comprises the
2009 Destrieux atlas was performed [Destrieux et al.,
2010].

The signal-to-noise ratio (SNR) of gray-to-WM for each
T1WI MRI data [calculated using the “wm-anat-snr–s”

command] and of gray matter (GM) intensity for each
ROIs of 2009 Destrieux atlas [measured using the
“mri_segstats–snr” command] demonstrated relative
homogeneity of T1WI acquisition quality [SNR of gray-to-
WM; Mean 6 SD 5 21.94 6 2.32] and of regional SNR
across cortical ROIs [SNR calculated as mean/SD of GM
intensity across vertices comprising each ROI; Mean-
6 SD 5 3.79 6 0.89]. Additional statistical analyses to inves-
tigate the correlation between the size or variation of
given ROI versus regional SNR of GM intensity did not
demonstrate statistical significance for size [mean value of
z-scored CSA across the whole 147 subjects vs. regional
SNR of GM intensity; Pearson’s correlation coef-
ficient 5 20.125, P 5 0.129] nor for variation [regional SNR
of GM intensity vs. standard deviation of z-scored CSA
(Pearson’s correlation coefficient 5 0.0043, P 5 0.959) or
cortical thickness (Pearson’s correlation coefficient 5 0.016,
P 5 0.847) across the whole 147 subjects] of given ROI.
After thorough visual inspection of the final processed
brain images using the tkmedit and tksurfer for tissue seg-
mentation, surface reconstruction, and cortical parcellation
(with no significant errors detected in any of the 147 sub-
jects), automatically computed CSA and CT values were
then extracted and used to calculate ISC networks.

CSA and Thickness-Based ISC

By applying CSAk(i) and CTk(i) (normalized regional
CSA or CT ROI(i) values in subject k, obtained by divid-
ing the CSA raw-score or CT value by total CSA or aver-
age CT values across the cerebral hemisphere in each
subject), we regressed-out interindividual cerebral hemi-
spheric size differences from cortical morphological val-
ues [Kremen et al., 2013]. Thereafter, we calculated the
CSA-ISC or CT-ISC value, of ROI(i) vs. ROI(j) for subject
k (CSA_ISCk(i,j) or CT_ISCk(i,j), respectively; subject k
could be either FEP or HC) using the following formula
[Wee et al., 2013]:

CSA ISCk i; jð Þ51=exp CSA zscoredk ið Þ2CSA zscoredk jð Þð Þ2
� �

CT ISCk i; jð Þ51=exp CT zscoredk ið Þ2CT zscoredk jð Þð Þ2
� �

where CSA_zscoredk(i) and CT_zscoredk(i) were computed
as

CSA zscoredk ið Þ5ðCSAk ið Þ2CSAM ið ÞÞ=CSASD ið Þ

CT zscoredk ið Þ5ðCTk ið Þ2CTM iÞð Þ=CTSD ið Þ

CSAM(i) and CSASD(i) denote the regional mean and
standard deviation of CSA in ROI(i) across all HCs (n 5

96).
After calculation of the CSA-ISC or CT-ISC values

between the 148 numbers of ROIs for each subject, only
the most informative ISCs showing statistical significance
(uncorrected P< 0.001 [two-tailed], independent t-tests)
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across every n runs of leave-one-out group-comparison (n
5 51 for FEP-AH vs. FEP-NAH; n 5 123 for FEP-AH vs.
HC; n 5 120 for FEP-NAH vs. HC) [Dosenbach et al.,
2010] were aligned according to the absolute value of
averaged t-statistics and were packaged into candidate fea-
ture sets (S_CSA_group-A_group-B(k/n) or S_CT_group-
A_group-B(k/n), 1� k�n, n 5 maximum number of candi-
date feature) for classification analysis using SVM method.

SVM: Classification of FEP-AH

versus FEP-NAH or HC

All SVM (using the nonlinear radial basis function ker-
nel [sigma 5 2] with a constant soft-margin [cost 5 1])
training, testing and iterative group separation procedures
(with random permutation of subjects into training and
testing sets for cross-validation) were performed using the
Statistics Toolbox of the Matlab software package (ver.

R2014b; MathWorks, Natick, MA) and repeated 10,000
times per candidate feature set. The most accurate group
classifier, evidenced by its highest overall mean accuracy
across the 10,000 cross-validation procedures (P< 0.001,
two-tailed and Bonferroni-corrected; independent t-test)
[Yun et al., 2015], was referred to as “neuroanatomical
decision functions of SVM (Figs. 1–3 and Tables III–V; vis-
ualization created using Circos [Irimia et al., 2012; Krzy-
winski et al., 2009]).”

In the SVM training procedure to distinguish FEP-AH
from FEP-NAH, using a training dataset of 41 subjects
collected from the 51 total FEPs (random permutation
method), the decision boundary constructed using a
candidate feature set (S_CSA_FEP-AH_FEP-NAH(k/n))
or S_CT_FEP-AH_FEP-NAH(k/n)) was optimized to maxi-
mize group classification accuracy. During the testing
phase, using a test dataset of 10 FEPs not disclosed in the
SVM training phase, the decision solution for a given

Figure 1.

The optimal neuroanatomical decision function used to classify

FEP subject experiencing auditory hallucination (FEP-AH) with

FEP subjects without auditory hallucination (FEP-NAH). (a)

Right IPS-Broca’s complex-left anterior insula network of CSA-

ISC in FEP-AH. (b) ECN-Wernicke’s module complex of CT-

ISC in FEP-AH. Abbreviations: AngG, angular gyrus; CoS/LinS,

medial occipito-temporal sulcus and lingual sulcus; InfFGOrp,

pars orbitalis; InfFGTrip, pars triangularis; InfTS, inferior tem-

poral sulcus; IntPS/TrPS, intraparietal sulcus and transverse

parietal sulci; L, left hemisphere; MFG, middle frontal gyrus;

MTG, middle temporal gyrus; OcPo, occipital pole; PosTrCoS,

posterior transverse collateral sulcus; R, right hemisphere;

SbOrS, suborbital sulcus; SupCirInS, superior segment of the

circular sulcus of the insula; SupFS, superior frontal sulcus;

SupOcS/TrOcS, superior and transverse occipital sulcus;

SupTS, superior temporal sulcus. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.

com.]
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observation x (1� x� 10), based on a set of candidate fea-
tures was calculated [Dosenbach et al., 2010]. During the
SVM model training and testing phase, to distinguish HCs
from FEP-AH or FEP-NAH subjects separately, random
preselection of HCs (n 5 27 for FEP-AH vs. HC, n 5 24
for FEP-NAH vs. HC) preceded the division of subjects
into 44 (for FEP-AH vs. HC) or 38 (for FEP-NAH vs. HC)
training subjects and 10 testing subjects [van Waarde
et al., 2015].

RESULTS

Demographic and Clinical Data

The demographic and clinical characteristics of the sub-
jects are described in Table I. There were no significant
group differences in age, sex or the socio-economic status
of parents among the FEP-AH, FEP-NAH, and HC groups
(P> 0.05, two-tailed, one-way analysis of variance). How-
ever, there was a difference between the IQ scores of the

Figure 2.

The optimal neuroanatomical decision function used to classify

FEP subject experiencing auditory hallucination (FEP-AH) with

HC. (a) Altered pattern of CSA-ISC in FEP-AH: intranetwork

ISC of DMN as well as inter-network ISC between DMN and

perisylvian language network. (b) Distorted pattern of CT-ISC in

FEP-AH: internetwork ISCs between the DMN versus ECN as

well as between the language network versus other primary sen-

sory networks. Abbreviations: ACgG/S, anterior part of the

cingulate gyrus and sulcus; ALSVerp, vertical ramus of the ante-

rior segment of the lateral sulcus; AngG, angular gyrus; AOcS,

anterior occipital sulcus; ATrCoS, anterior transverse collateral

sulcus; CcS, calcarine sulcus; CgSMarp, marginal branch of the cin-

gulate sulcus; CS, central sulcus; Cun, cuneus; FMarG/S, fronto-

marginal gyrus and sulcus; HG, Heschl’s gyrus; InfFGOrp, pars

orbitalis; InfFGTrip, pars triangularis; InfFS, inferior frontal sulcus;

InfOcG/S, inferior occipital gyrus and sulcus; InfPrCS, inferior part

of the precentral sulcus; InfTS, inferior temporal sulcus; IntPS/

TrPS, intraparietal sulcus and transverse parietal sulci; L, left hemi-

sphere; LinG, lingual gyrus; LoInG/CInS, long insular gyrus and

central insular sulcus; LOrS, lateral orbital sulcus; MPosCgG/S,

middle-posterior part of the cingulate gyrus and sulcus; MTG,

middle temporal gyrus; OcPo, occipital pole; PaHipG, parahippo-

campal gyrus; POcS, parieto-occipital sulcus; PoPI, planum polare;

PosCG, postcentral sulcus; PosCS, postcentral sulcus; PoSVCgG,

posterior-ventral part of the cingulate gyrus; PrCG, precentral

gyrus; PrCun, precuneus; R, right hemisphere; SbCaG, subcallosal

gyrus; SbOrS, suborbital sulcus; ShoInG, short insular gyrus;

SuMarG, supramarginal gyrus; SupFS, superior frontal sulcus;

SupOcG, superior occipital gyrus; SupPL, superior parietal lobule;

SupPrCS, superior part of the precentral sulcus; SupTGLp, lateral

aspect of the superior temporal gyrus; TPI, planum temporale;

Tpo, temporal pole; TrTS, transverse temporal sulcus. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FEP and HC groups (P< 0.001), which may reflect an
increased risk of psychosis commensurate with lower
intelligence, even during the premorbid stage [Meier
et al., 2014]. Furthermore, compared with HCs, the educa-
tional level of the FEP-AH group was also lower
(P< 0.001).

There were no differences between the FEP-AH and FEP-
NAH subgroups in terms of statistically for age of onset,
duration of illness, GAF-M scores 1 year prior to study
inclusion, IQ scores or negative symptom factor score of

psychosis [Edgar et al., 2014] measured at enrollment
(P> 0.05, two-tailed, independent t-test). The duration of use
and dose (converted into chlorpromazine-equivalent doses
[Woods, 2003]) of antipsychotics before MRI did not differ
between the FEP-AH and FEP-NAH groups (all P> 0.05,
independent t-test). However, there were differences
between these two groups in terms of positive symptom fac-
tor scores, total PANSS scores and degree of functional
impairment at enrollment measured using the GAF-M (all
P< 0.001, two-tailed).

Figure 3.

The optimal neuroanatomical decision function used to classify

FEP subject without auditory hallucination (FEP-NAH) with HC.

(a) Changed pattern of CSA-ISC in FEP-NAH: intra-network

ISC of DMN as well as inter-network ISC between DMN versus

visual, somato-motor, salience and perisylvian language networks.

(b) Differential pattern of CT-ISC in FEP-NAH: intranetwork

ISC of DMN as well as internetwork ISCs between the DMN

versus salience and language networks. Abbreviations: ACgG/

S, anterior part of the cingulate gyrus and sulcus; ALSHorp, hor-

izontal ramus of the anterior segment of the lateral sulcus;

AngG, angular gyrus; ATrCoS, anterior transverse collateral sul-

cus; CoS/LinS, medial occipital-temporal and lingual sulcus; Cun,

cuneus; FMarG/S, fronto-marginal gyrus and sulcus; InfCirIns,

inferior segment of the circular sulcus of insula; InfFGOrp, pars

orbitalis; InfFGTrip, pars triangularis; InfFS, inferior frontal sulcus;

InfOcG/S, inferior occipital gyrus and sulcus; InfTG, inferior tem-

poral gyrus; JS, sulcus intermedius primus; LOcTS, lateral

occipito-temporal sulcus; LoInG/CInS, long insular gyrus and

central insular sulcus; LOrS, lateral orbital sulcus; MedOrS,

medial orbital sulcus; PaHipG, parahippocampal gyrus; PerCaS,

pericallosal sulcus; PosCS, postcentral sulcus; PosDCgG,

posterior-dorsal part of the cingulate gyrus; PosTrCoS, posterior

transverse collateral sulcus; PosVCgG, posterior-ventral part of

the cingulate gyrus; PrCG, precentral gyrus; PrCun, precuneus;

SbOrS, suborbital sulcus; SbPS, subparietal sulcus; SupCirInS,

superior segment of the circular sulcus of the insula; SupFS,

superior frontal sulcus; SupOcS/TrOcS, superior and transverse

occipital sulcus; SupPL, superior parietal lobule; SupPrCS, supe-

rior part of the precentral sulcus; TPI, planum polare; Tpo, tem-

poral pole; TrFPoG/S, transverse frontopolar gyrus and sulcus.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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Neuroanatomical Decision Function of CSA-ISC

or CT-ISC: FEP-AH versus FEP-NAH

For the three largest CSA-ISCs (Table III and Fig. 1A),
ranked according to the mean t-statistics derived from the
consensus feature list of four total candidate features, FEP-
AH and FEP-NAH subjects were distinguished with a
mean accuracy of 83.61% (sensitivity 5 82.84%; specific-
ity 5 85.66%; Table II). Decreased CSA-ISCs between the
right IPS versus left pars triangularis as well as between
the left pars orbitalis versus the left superior segment of
the circular sulcus of the insula, and increased CSA-ISCs
between the left posterior transverse collateral sulcus ver-
sus the left transverse occipital sulcus represented the key
characteristics distinguishing FEP-AH from FEP-NAH sub-
jects [Chi et al., 1977].

A set of explanatory features, comprising all six CT-ISCs
(Table III and Fig. 1B) classified the FEP subjects as FEP-
AH or FEP-NAH with a mean accuracy of 82.30%
(sensitivity 5 79.48%; specificity 5 88.64%; Table II). In the
dorsolateral prefrontal cortex (DLPFC), decreased CT-ISCs
between the right superior frontal sulcus versus right
superior frontal sulcus and left angular gyrus indicated
their role in distinguishing FEP-AH from FEP-NAH sub-
jects. Furthermore, FEP-AH subjects also exhibited
changed CT-ISC compared with FEP-NAH in the left mid-
dle temporal gyrus versus left anterior occipital sulcus as
well as in the left superior temporal sulcus versus left
medial occipito-temporal sulcus. Notably, the increased
CT-ISC between the left occipital pole versus left medial
prefrontal cortex (suborbital sulcus), and the decreased
CT-ISC between the right inferior temporal sulcus versus

TABLE I. Demographic and clinical characteristics of subjects with FEP and HC subjectsa

FEP-AH
[PANSS P3� 4]

(n 5 27)

FEP-NAH
[PANSS P3� 2]

(n 5 24) HC (n 5 96) Statistics

Characteristics Mean SD Mean SD Mean SD v2/T/F df P value

Age (years)b 22.48 4.95 22.69 5.12 24.07 4.84 1.167 144 0.314
Sex (Male/Female)a 9/18 12/12 57/39 5.846 2 0.054
Years of Education (years)b,c 12.85 1.97 13.92 1.94 14.36 1.69 7.66 143 <0.001d

IQb 97.33 14.25 100.29 11.64 111.76 10.62 21.74 144 <0.001d,e

Socio-Economic Status of Parentsb,f 2.63 0.84 2.58 0.97 2.81 0.88 0.85 137 0.43
Age at Onset (years)g 22 4.97 23.54 4.45 21.169 48.99 0.248
Duration of Illness (years)g 0.6 0.52 0.73 0.47 20.888 48.97 0.379
Duration of Antipsychotics Usage

Before MRI scanning (years)g
0.09 0.16 0.18 0.23 21.576 40.31 0.123

Antipsychotics Treatment at MRI
Scanning (CPZ equivalent, mg/day)g

327.47 522.24 238.02 225.96 0.809 36.28 0.424

Positive and negative symptom scale
for schizophrenia (PANSS)g

Positive symptom factor score
(P1, P3, P5-6, N7, G1, G9, G12)

22.81 5.42 16.96 4.76 4.108 49 <.001

Negative symptom factor score
(N1-4, N6-7, G16)

18.81 6.02 16.58 4.84 1.466 48.54 .149

Disorganized symptom factor score
(P2, N5, G5, G10-11, G13, G15)

15.3 4.8 12.33 3.71 2.479 48.13 .017

Total score 73.0 13.90 59.71 12.78 3.556 48.94 <.001
HAM-Dg 10.19 3.54 9.88 5.74 0.229 37.43 .82
HAM-Ag 8.59 4.43 7.33 3.84 1.087 48.97 .282
Modified GAF-Mg

At Intake 41.67 8.59 51.63 10.45 23.691 44.68 <.001
One Year Prior to Intake 67.7 12.27 72.04 10.74 21.346 48.99 .184

Abbreviations: AH, auditory hallucination; CPZ, Chlorpromazine; FEP, first-episode psychosis; MRI, magnetic resonance imaging.
aDifferences between variables of three groups were assessed using chi-squared test.
bDifferences between variables of three groups were assessed using analysis of variance test.
cFor 1 case of HC, information was missing.
dStatistically significant group difference between FEP-AH versus HC (p< .05).
eStatistically significant group difference between FEP-NAH versus HC (p< .05).
fFor seven cases of HC, information was missing.
gDifferences between variables of two groups were assessed using independent t-test.
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the left anterior occipital sulcus, together represented the
key characteristics distinguishing FEP-AH from FEP-NAH
and HC subjects.

Neuroanatomical Decision Function of CSA-ISC

or CT-ISC: FEP-AH versus HC

An optimum feature set comprising 17 CSA-ISCs (Table
IV and Fig. 2A), which ranked the 20 significance results
according to averaged t-statistics, successfully distin-
guished FEP-AH from HC subjects with a mean accuracy
of 91.52% (sensitivity 5 90.96%; specificity 5 92.51%; Table
II). Compared with HCs, FEP-AH subjects exhibited
altered strength of CSA-ISCs in the left inferior frontal and
right transverse frontopolar cortices as well as in the left
parieto-occipital sulcus with other brain regions. In addi-
tion, another optimal feature set comprising 19 CT-ISCs
(Table IV and Fig. 2B), which ranked 22 CT-ISCs, success-
fully distinguished FEP-AH from HC subjects with a mean
accuracy of 90.97% (sensitivity 5 93.35%; specific-
ity 5 88.99%; Table II). Specifically, the right superior fron-
tal sulcus of the DLPFC, bilateral precentral sulci, the right
anterior transverse collateral sulcus and left occipital pole
exhibited changed CT-ISCs with other prefronto-temporal
regions. Notably, decreased CT-ISC between left precentral

gyrus and right superior precentral sulcus was simultane-
ously ranked as a component of optimal feature sets each
classifying HC from FEP-AH or from FEP-NAH.

Neuroanatomical Decision Function of CSA-ISC

or CT-ISC: FEP-NAH versus HC

An optimal feature set comprising 14 CSA-ISCs (Table V
and Fig. 3A) distinguished FEP-NAH from HC subjects
with a mean accuracy of 88.99% (sensitivity 5 88.38%;
specificity 5 90.52%; Table II). In FEP-NAH subjects, differ-
ential strength in CSA-ISC of the right sulcus intermedius
primus and anterior transverse collateral sulcus, left trans-
verse occipital sulcus and the right inferior occipital
cortex with other midline and posterior brain regions
worked as effective explanatory features in group classifi-
cation of FEP-NAH versus HC. However, 23 optimal
explanatory features of CT-ISCs (Table V and Fig. 3B)
selected from the 24 total candidate CT-ISCs distinguished
FEP-NAH from HC with a mean accuracy of 92.95%
(sensitivity 5 92.07%; specificity 5 94.12%; Table II). In
other words, several CT-ISCs between the right superior
precentral sulcus, right medial occipito-temporal sulcus,
left precentral and parahippocampal gyrus versus other

TABLE II. Averaged group classification performance–over the 10,000 times of iterative process composed of ran-

dom permutations (to split the two groups combined into (n-10; n 5 51 for FEP-AH vs. FEP-NAH, n 5 123 for

FEP-AH vs. HC, n 5 120 for FEP-NAH vs. HC) training subjects vs. 10 testing subjects) with subsequent group clas-

sification using the SVM-of the optimal feature set of SVM group classifier (neuroanatomical decision function)

Binary classifier

FEP-AH vs.
FEP-NAHa FEP-AH vs. HCb FEP-NAH vs. HCc

Mean SD Mean SD Mean SD

CSA-ISC

True positive 4.62 1.34 4.64 1.36 4.50 1.36
True negative 3.74 1.30 4.51 1.38 4.40 1.37
False positive 0.98 0.89 0.48 0.69 0.62 0.79
False negative 0.66 0.82 0.37 0.62 0.48 0.72
Sensitivity (%) 82.84 15.65 90.96 13.30 88.38 14.74
Specificity (%) 85.66 17.41 92.51 12.69 90.52 14.17
Accuracy (%) 83.61 10.91 91.52 8.53 88.99 9.71
Positive predictive value (%) 88.13 14.20 93.15 11.57 90.97 13.51
Negative predictive value (%) 79.99 17.74 90.96 13.16 88.30 14.91

CT-ISC

True positive 4.78 1.32 4.42 1.39 4.71 1.38
True negative 3.45 1.27 4.68 1.41 4.58 1.39
False positive 1.27 0.99 0.32 0.56 0.42 0.65
False negative 0.50 0.77 0.58 0.70 0.29 0.52
Sensitivity (%) 79.48 15.53 93.35 11.89 92.07 12.57
Specificity (%) 88.64 17.04 88.99 13.57 94.12 10.90
Accuracy (%) 82.30 10.65 90.97 8.49 92.95 7.75
Positive predictive value (%) 91.39 13.04 88.69 13.87 94.60 9.94
Negative predictive value (%) 73.88 19.39 93.88 10.81 92.06 12.41

Abbreviations: FEP, first episode psychosis; AH, auditory hallucination; NAH, without auditory hallucination; HC, healthy control; CT,
cortical thickness; ISC, correlative morphological features; CSA, cortical surface area; K, feature ranking; SD, standard deviation.
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brain regions were distorted in FEP-NAHs compared
with HCs.

DISCUSSION

To the best of our knowledge, this is the first study to
unravel the individualized neural mechanisms underlying
AH in FEP in the context of CSA- and CT-based structural
covariance calculated per each subject. In this study, a
SVM classification model, using an optimal feature set
comprising three CSA-ISCs, distinguished FEP-AH from
FEP-NAH subjects with a mean accuracy of 83.61%.
Because CSA changes only marginally across the prodro-
mal and full-blown stages of psychosis [Gutierrez-Galve
et al., 2015a], and major symptom dimensions such as AH
that begun during FEP tend to remain stable even after 5–
10-years of follow-up [Russo et al., 2014], differences in
CSA-ISCs between the right IPS, Broca’s complex (left pars
triangularis and pars orbitalis) [Xiang et al., 2010], and left
circular sulcus of the anterior insula may represent geneti-
cally laden, subtle deviation of coordinated cortical devel-
opment process from normal, thereby conferring biological

proneness to AH symptomatology in psychosis [Hill et al.,
2010; Zielinski et al., 2010]. Another SVM classification
model, using an optimal feature set comprising the six CT-
ISCs that encompass the ECN-Wernicke’s module [Seeley
et al., 2007; Tomasi and Volkow, 2012], distinguished FEP-
AH from FEP-NAH subjects with 82.3% accuracy, thereby
demonstrating the clinical value of CT changes as a state
marker of executive function maturation and the progres-
sion of psychiatric disorders including schizophrenia [Can-
non et al., 2015]. Finally, extended sets of ISCs which
illustrate changed crosstalk between the DMN versus
other intrinsic brain networks as well as between the two
DMN subnetworks [Bastos-Leite et al., 2015] distinguished
FEP-AH or FEP-NAH from HC subjects with a mean accu-
racy range of 89.0–93.0%.

Right IPS-Broca’s Complex-Anterior Insula

Network of CSA-ISCs in FEP-AH

Three CSA-ISCs at the intersection of attentional control
and self-agency for semantic content according to the sali-
ence of which successfully characterized neural cortical

TABLE III. Optimal feature set (neuroanatomical decision function) of SVM model achieving the highest accuracy

of classification for first-episode psychosis subjects into FEP-AH or FEP-NAH

No. ROI_I_name ROI_J_name

T stat
[LOOGC]

mean

FEP-AH
(N 5 27),

mean
(SD)

FEP-NAH
(N 5 24),

mean
(SD)

HC
(N 5 96),

mean (SD)

CSA- ISC: FEP-AH vs. FEP-NAH

1 Right IPS Left pars triangularis 24.496 0.19 (0.29) 0.60 (0.35) 0.44 (0.38)
2 Left posterior transverse

collateral sulcus
(ptCoS: hV4/VO1
boundary)

Left transverse occipital
sulcus (scene-selective
TOS)

4.239 0.59 (0.35) 0.19 (0.31) 0.46 (0.36)

3 Left pars orbitalis Left superior segment of
the circular sulcus of
the insula

23.751 0.23 (0.28) 0.56 (0.34) 0.45 (0.36)

CT- ISC: FEP-AH vs. FEP-NAH

1 Right superior frontal
sulcus

Left angular gyrus 24.035 0.30 (0.32) 0.67 (0.32) 0.45 (0.36)

2 Left middle temporal
gyrus

Left anterior occipital
sulcus [hOc5, motion-
sensitive area (V5/
MT1)]

23.853 0.28 (0.36) 0.67 (0.36) 0.44 (0.36)

3 Left occipital pole Left suborbital sulcus 3.809 0.70 (0.36) 0.32 (0.34) 0.37 (0.34)
4 Right inferior temporal

sulcus (Extrastriate
Body Area)

Left anterior occipital
sulcus [hOc5, motion-
sensitive area (V5/
MT1)]

23.748 0.23 (0.28) 0.57 (0.34) 0.50 (0.36)

5 Left medial occipito-
temporal sulcus

Left superior temporal
sulcus

3.71 0.57 (0.30) 0.26 (0.28) 0.46 (0.38)

6 Right middle frontal
gyrus

Right superior frontal
sulcus

23.681 0.33 (0.33) 0.68 (0.33) 0.50 (0.36)

Abbreviations: FEP-AH, first episode psychosis with auditory hallucination; FEP-NAH, first episode psychosis without auditory halluci-
nation; HC, healthy control; LOOGC, leave-one-out group-comparison; L, left; R, Right.
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TABLE IV. Optimum feature set (neuroanatomical decision function) of SVM model achieving the highest accuracy

of classification for fep subjects experiencing auditory hallucination from HC

No. ROI_I_name ROI_J_name

T stat
[LOOGC]

Mean

FEP-AH
(N 5 27),

Mean (SD)

FEP-NAH
(N 5 24),

Mean (SD)
HC (N 5 96),
Mean (SD)

CSA-ISC: FEP-AH vs. HC

1 Lt. short insular gyrus Lt. inferior frontal sulcus 24.714 0.19 (0.28) 0.25 (0.29) 0.5 (0.35)
2 Lt. inferior frontal sulcus Lt. parieto-occipital sulcus

(visuospatial processing;
V6/V6Av/V6Ad)

24.619 0.17 (0.25) 0.49 (0.36) 0.45 (0.36)

3 Lt. PCC Lt. pars orbitalis 24.591 0.20 (0.29) 0.37 (0.39) 0.51 (0.37)
4 Lt. precuneus Lt. temporal pole 4.389 0.72 (0.31) 0.57 (0.33) 0.42 (0.37)
5 Rt. Heschl’s gyrus Lt. ACC 24.156 0.25 (0.27) 0.42 (0.35) 0.51 (0.36)
6 Rt. parahippocampal gyrus Lt. inferior frontal sulcus 24.123 0.22 (0.29) 0.43 (0.39) 0.50 (0.38)
7 Lt. postcentral gyrus Lt. inferior precentral sulcus 4.123 0.71 (0.32) 0.48 (0.39) 0.42 (0.35)
8 Rt. frontal pole Lt. pars triangularis 24.069 0.26 (0.28) 0.44 (0.37) 0.53 (0.38)
9 Lt. parieto-occipital sulcus

(visuospatial processing;
V6/V6Av/V6Ad)

Lt. transverse temporal sulcus 24.015 0.21 (0.25) 0.42 (0.35) 0.46 (0.38)

10 Rt. subcallosal gyrus Lt. lateral orbital sulcus 24.012 0.27 (0.31) 0.46 (0.40) 0.55 (0.38)
11 Rt. lateral orbital sulcus Lt. marginalis branch of the

cingulate sulcus
3.985 0.72 (0.29) 0.45 (0.44) 0.45 (0.39)

12 Rt. frontal pole Rt. superior parietal lobule 3.922 0.68 (0.28) 0.55 (0.36) 0.43 (0.36)
13 Rt. PCC Rt. cuneus 23.906 0.25 (0.28) 0.39 (0.39) 0.50 (0.36)
14 Lt. fronto-marginal gyrus/sulcus Lt. lingual gyrus 3.872 0.72 (0.27) 0.46 (0.36) 0.47 (0.36)
15 Rt. planum polare Lt. superior precentral sulcus 3.834 0.69 (0.30) 0.48 (0.39) 0.43 (0.34)
16 Rt. long insular gyrus/central sulcus Lt. calcarine sulcus 23.813 0.23(0.27) 0.29 (0.35) 0.48 (0.38)
17 Lt. parieto-occipital sulcus

(visuospatial processing;
V6/V6Av/V6Ad)

Lt. inferior precentral sulcus 23.803 0.26 (0.28) 0.43 (0.38) 0.51 (0.37)

CT- ISC: FEP-AH vs. HC

1 Rt. planum temporale Rt. postcentral sulcus 24.915 0.26 (0.27) 0.45 (0.32) 0.58 (0.36)
2 Lt. angular gyrus Rt. superior frontal sulcus 24.833 0.17 (0.20) 0.49 (0.39) 0.43 (0.37)
3 Lt. inferior occipital gyrus/sulcus Lt. inferior precentral sulcus 24.606 0.14 (0.25) 0.40 (0.37) 0.43 (0.39)
4 Rt. superior frontal sulcus Lt. precentral gyrus 24.445 0.19 (0.26) 0.40 (0.39) 0.46 (0.35)
5 Lt. angular gyrus Lt. inferior precentral sulcus 24.303 0.20 (0.25) 0.49 (0.36) 0.46 (0.36)
6 Lt. occipital pole Lt. suborbital sulcus 4.277 0.70 (0.36) 0.32 (0.34) 0.37 (0.34)
7 Rt. central sulcus Rt. superior precentral sulcus 24.269 0.20 (0.25) 0.41 (0.42) 0.46 (0.37)
8 Rt. superior precentral sulcus Lt. precentral gyrus 24.258 0.26 (0.31) 0.26 (0.32) 0.56 (0.37)
9 Rt. inferior temporal sulcus Lt. anterior occipital sulcus

(hOc5, motion-sensitive area
(V5/MT1))

24.037 0.23 (0.28) 0.57 (0.34) 0.50 (0.36)

10 Rt. superior precentral sulcus Lt. supramarginal gyrus 24.027 0.22 (0.23) 0.43 (0.36) 0.45 (0.36)
11 Lt. superior occipital gyrus Lt. IPS 4.01 0.71 (0.31) 0.45 (0.31) 0.43 (0.36)
12 Rt. pMCC Rt. inferior precentral sulcus 3.918 0.72 (0.32) 0.52 (0.35) 0.44 (0.38)
13 Rt. inferior precentral sulcus Rt. subobital sulcus 3.917 0.71 (0.30) 0.49 (0.41) 0.44 (0.36)
14 Lt. Heschl’s gyrus Lt. occipital pole 23.913 0.25 (0.24) 0.29 (0.30) 0.48 (0.37)
15 Rt. vertical ramus of the anterior

segment of the lateral sulcus
Rt. anterior transverse collateral

sulcus (building related area)
23.798 0.26 (0.28) 0.52 (0.41) 0.51 (0.37)

16 Rt. superior parietal lobule Rt. lateral superior temporal
gyrus

3.794 0.68 (0.31) 0.56 (0.38) 0.42 (0.35)

17 Rt. anterior transverse collateral
sulcus (building related area)

Lt. superior frontal sulcus 23.783 0.22 (0.32) 0.33 (0.36) 0.50 (0.38)

18 Rt. superior occipital gyrus Rt. lateral orbital sulcus 23.776 0.24 (0.28) 0.38 (0.35) 0.49 (0.37)
19 Lt. Heschl’s gyrus Lt. middle temporal gyrus 23.765 0.24 (0.29) 0.42 (0.37) 0.49 (0.36)

Abbreviations: ACC, anterior cingulate cortex; FEP-AH, first episode psychosis with auditory hallucination; FEP-NAH, first episode psy-
chosis without auditory hallucination; HC, healthy control; LOOGC, leave-one-out group-comparison; L, left; PCC, posterior cingulate
cortex; R, Right.
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abnormalities in FEP-AH subjects at the network level.
Two subregions of Broca’s complex [Xiang et al., 2010] -
the left pars triangularis (BA 45) and left pars orbitalis (BA
47), both of which process semantic information – exhib-
ited decreased CSA-ISC with the right IPS and left circular
sulcus of the anterior insula (BA 13), respectively. Specifi-
cally, the CSA of the left frontal cortex is heavily influ-
enced by genetic loading (about 76%) rather than by
environmental factors (about 24%) [Eyler et al., 2011]. Con-
sidering the smaller degree of postnatal relative cortical
expansion in inferior frontal cortices, greater expansion of
cortex buried in sulci including IPS (specifically in FEP-
AH patients) may result in a disproportionately weaker
CSA-ISC between left pars triangularis and right IPS [Hill
et al., 2010]. Of note, the IPS region not only regulates
visuospatial attention and related eye movement but also
generates self-originated intentions for action such as inner
speech or thoughts [Ffytche and Wible, 2014]. Moreover,
speech production (either vocal or subvocal), maintenance
of verbal thought content in working memory and experi-
ence of self-agency for which action accompanies dual
activation of right IPS and anterior insula [Ffytche and
Wible, 2014].

ECN-Wernicke’s Module Complex of

CT-ISCs in FEP-AH

In FEP-AH subjects, a set of CT-ISCs constructed
between right DLPFC-left angular gyrus-left middle tem-
poral gyrus, among others, successfully demonstrated
altered interaction of ECN [Seeley et al., 2007]-Wernicke’s
module [Tomasi and Volkow, 2012] complex during addi-
tional, disease-related cortical thinning [Clos et al., 2014].
The right superior frontal sulcus, which demarcates the
upper portion of the DLPFC, revealed decreased CT-ISCs
with the right middle frontal gyrus (DLPFC) and with left
angular gyrus (which is also a key component of DMN).
This prefrontal sulcus controls dimensional shifts of atten-
tion [Morton et al., 2009] and is involved in classification
of familiar and unfamiliar stimuli [Thiel et al., 2014].
Moreover, development-related maturation of CT in core
components of ECN, including the DLPFC and angular
gyrus, are heavily influenced by genetic factors [Seeley
et al., 2007] and disease (schizophrenia)-related changes
[Tao et al., 2014]. Therefore, attenuated strength of CT-
ISCs between these three brain areas of ECN, which also
undergo accelerated cortical thinning during progression
from a prodromal disease state to psychosis [Ziermans
et al., 2012], could be related to dysfunctional executive
control and faulty decision making in the context of self-
generated semantic contents in FEP-AH subjects
[Fletcher and Frith, 2009]. Furthermore, reminiscent of
volumetric changes in the temporal cortex in children
experiencing multiple, attenuated symptoms of psychosis
before disease onset [Cullen et al., 2013], decreased CT-
ISC between the left anterior occipital sulcus (an infero-

T
A

B
L

E
V

.
(c

o
n

ti
n

u
e
d

).

N
o

.
R

O
I_

I_
n

am
e

R
O

I_
J_

n
am

e

T
st

at
[L

O
O

G
C

]
M

ea
n

F
E

P
-A

H
(N

5
27

),
M

ea
n

(S
D

)

F
E

P
-N

A
H

(N
5

24
),

M
ea

n
(S

D
)

H
C

(N
5

96
),

M
ea

n
(S

D
)

R
t.

in
fe

ri
o

r
se

g
m

en
t

o
f

th
e

ci
rc

u
la

r
su

lc
u

s
14

R
t.

p
la

n
u

m
te

m
p

o
ra

le
R

t.
m

ed
ia

l
o

cc
ip

it
o

-t
em

p
o

ra
l

su
lc

u
s

2
4.

13
6

0.
35

(0
.3

9)
0.

17
(0

.2
4)

0.
42

(0
.3

7)
15

L
t.

p
o

st
er

io
r

tr
an

sv
er

se
co

ll
at

er
al

su
lc

u
s

(p
tC

o
S

:
h

V
4/

V
O

1
b

o
u

n
d

ar
y

)
L

t.
m

ed
ia

l
o

cc
ip

it
o

-t
em

p
o

ra
l

su
lc

u
s

2
4.

11
1

0.
37

(0
.3

5)
0.

23
(0

.2
4)

0.
49

(0
.3

7)

16
R

t.
in

fe
ri

o
r

te
m

p
o

ra
l

g
y

ru
s

R
t.

su
p

er
io

r
p

re
ce

n
tr

al
su

lc
u

s
2

4.
04

8
0.

44
(0

.4
4)

0.
20

(0
.2

8)
0.

48
(0

.3
8)

17
L

t.
p

ar
s

o
rb

it
al

is
L

t.
p

ar
ah

ip
p

o
ca

m
p

al
g

y
ru

s
2

4.
04

4
0.

51
(0

.3
7)

0.
21

(0
.2

5)
0.

47
(0

.3
6)

18
R

t.
m

ed
ia

l
o

cc
ip

it
o

-t
em

p
o

ra
l

su
lc

u
s

R
t.

m
ed

ia
l

o
rb

it
al

su
lc

u
s

2
4.

02
5

0.
40

(0
.3

8)
0.

21
(0

.2
8)

0.
48

(0
.3

5)
19

L
t.

A
C

C
L

t.
p

ar
ah

ip
p

o
ca

m
p

al
g

y
ru

s
2

3.
97

3
0.

40
(0

.3
6)

0.
22

(0
.2

8)
0.

49
(0

.3
7)

20
L

t.
h

o
ri

zo
n

ta
l

ra
m

u
s

o
f

th
e

an
te

ri
o

r
se

g
m

en
t

o
f

th
e

la
te

ra
l

su
lc

u
s

L
t.

in
fe

ri
o

r
fr

o
n

ta
l

su
lc

u
s

2
3.

84
6

0.
53

(0
.3

8)
0.

23
(0

.2
2)

0.
45

(0
.3

4)

21
R

t.
su

p
er

io
r

p
re

ce
n

tr
al

su
lc

u
s

L
t.

p
re

ce
n

tr
al

g
y

ru
s

2
3.

82
8

0.
26

(0
.3

1)
0.

26
(0

.3
2)

0.
56

(0
.3

7)
22

R
t.

S
u

p
er

io
r

p
re

ce
n

tr
al

su
lc

u
s

L
t.

su
p

er
io

r
p

ar
ie

ta
l

lo
b

u
le

2
3.

76
8

0.
29

(0
.3

1)
0.

23
(0

.2
6)

0.
48

(0
.3

7)
23

R
t.

A
C

C
L

t.
A

C
C

3.
75

5
0.

56
(0

.3
3)

0.
78

(0
.2

6)
0.

54
(0

.3
3)

A
b

b
re

v
ia

ti
o

n
s:

A
C

C
,

an
te

ri
o

r
ci

n
g

u
la

te
co

rt
ex

;
F

E
P

-A
H

,
fi

rs
t

ep
is

o
d

e
p

sy
ch

o
si

s
w

it
h

au
d

it
o

ry
h

al
lu

ci
n

at
io

n
;

F
E

P
-N

A
H

,
fi

rs
t

ep
is

o
d

e
p

sy
ch

o
si

s
w

it
h

o
u

t
au

d
it

o
ry

h
al

lu
ci

n
a-

ti
o

n
;

H
C

,
h

ea
lt

h
y

co
n

tr
o

l;
L

O
O

G
C

,
le

av
e-

o
n

e-
o

u
t

g
ro

u
p

-c
o

m
p

ar
is

o
n

;
L

,
le

ft
;

R
,

R
ig

h
t.

r Yun et al. r

r 1062 r



lateral border of occipital lobe) vs. left middle temporal
gyrus (which form part of Wernicke’s module in lan-
guage network) [Tomasi and Volkow, 2012] in FEP-AH
subjects also distinguished FEP-AH from FEP-NAH sub-
jects successfully.

Abnormal CSA-ISC/CT-ISC Of Default-Mode

Network in FEP

This study illustrated the disordered structure of the
DMN in schizophrenia [Meda et al., 2014], reflected by
alterations in the strength of cortical morphology-based
ISCs in both FEP-AH and FEP-NAH subjects (Figs. 2 and
3 and Tables IV-V). From the perspective of inter-network
communication between the DMN and other intrinsic
brain networks [Manoliu et al., 2014], several CSA-ISCs
and CT-ISCs characterizing FEP-AH or FEP-NAH from
HC demonstrated overlapping patterns repetitively,
including alteration of ISCs between the hub regions of
DMN versus hub components of other intrinsic brain net-
works such as language network, ECN, salience network,
dorsal attention network, auditory and visual network.
Furthermore, we also detected dysfunctional network
structure in the DMN itself [Bastos-Leite et al., 2015]:
changes were observed in strength of ISC, not only
between the two subsystems of DMN (the dorsal medial
prefrontal cortex subsystem [temporal pole, sulcus inter-
medius primus of inferior parietal lobule; a subsystem of
DMN mainly activated when individuals consider their
current mental state] and the medial temporal lobe subsys-
tem [precuneus, anterior cingulate cortex (ACC); activated
preferentially during episodic decision about their future]),
but also between hub regions of the medial temporal lobe
subsystem (left parahippocampal gyrus vs. left suborbital
sulcus and left ACC vs. right ACC) themselves [Andrews-
Hanna et al., 2010].

Limitations

This study also has some limitations. First, there was
significant group difference of IQ score between the FEP
group and HCs (Table I). The possibility of lowered cogni-
tive function, including IQ, of schizophrenic subjects must
also be considered as a possible intermediate phenotype of
proneness to psychosis [Woodberry et al., 2008], which
might be difficult to dissociate from psychosis per se. Sec-
ond, as our FEP subjects were prescribed with antipsy-
chotics prior to MRI (Table I), additional changes of
cortical thickness in response to the antipsychotics usage
could not be excluded; however, the chances of changes in
CSA under the influence of antipsychotics might be mini-
mal [Gutierrez-Galve et al., 2015b]. Thirdly, although we
tried to confirm the generalizability of our neuroanatomi-
cal decision function in classifying the FEP-AH from FEP-
NAH or from HC across diverse compositions of dataset
by way of the 10,000 cross-validation procedures, further

studies to challenge the utility of our result onto the inde-
pendent dataset recruited from other clinics are warranted.

CONCLUSION

In conclusion, we established herein a distinctive inter-
mediate phenotype of biological proneness for AH using
CSA-ISCs as well as disease state marker indicating the
severity of AH using CT-ISCs. These selected features of
individualized cortical covariance could successfully clas-
sify FEP-AHs from FEP-NAHs or HCs and could provide
insights into the individualized focus of targeted neuro-
intervention treatment approach. Future studies to recon-
firm the generalizability of current finding in diverse clini-
cal situations are required.
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