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Although schizophrenia is characterized by gray matter
(GM) abnormalities, particularly in the prefrontal and tem-
poral cortices, it is unclear whether cerebral cortical GM is
abnormal in individuals at ultra-high-risk (UHR) for
psychosis. We addressed this issue by studying cortical
thickness in this group with magnetic resonance imaging
(MRI). We measured cortical thickness of 29 individuals
with no family history of psychosis at UHR, 31 patients
with schizophrenia, and 29 healthy matched control sub-
jects using automated surface-based analysis of structural
MRI data. Hemispheric mean and regional cortical thick-
ness were significantly different according to the stage of
the disease. Significant cortical differences across these
3 groups were found in the distributed area of cerebral
cortices. UHR group showed significant cortical thinning
in the prefrontal cortex, anterior cingulate cortex, inferior
parietal cortex, parahippocampal cortex, and superior
temporal gyrus compared with healthy control subjects.
Significant cortical thinning in schizophrenia group relative
to UHR group was found in all the regions described above
in addition with posterior cingulate cortex, insular cortex,
and precentral cortex. These changes were more
pronounced in the schizophrenia group compared with
the control subjects. These findings suggest that UHR is
associated with cortical thinning in regions that correspond
to the structural abnormalities found in schizophrenia.
These structural abnormalities might reflect functional

decline at the prodromal stage of schizophrenia, and there
may be progressive thinning of GM cortex over time.
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Introduction

Schizophrenia is a chronic and debilitating brain disor-
der, with lifetime prevalence in approximately 1% of
the population. It causes significant disruption to daily
activity and social functioning and may thus result in
significantly decreased quality of life from its earliest
stages through its chronic course.1 The detection of
reliable early indicators of vulnerability and the develop-
ment of early interventions following the onset of psycho-
sis have become major areas of cutting-edge research and
have contributed to the understanding of the pathophys-
iological mechanisms of schizophrenia. In this regard,
researchers recently have developed an interest in
a high-risk approach, which explores possible vulnerabil-
ity indicators for psychosis in prodromal individuals
identified by clinical state–based criteria, as being ultra-
high-risk (UHR) or clinical high risk for schizophrenia.2

Within this approach, researchers have reported
neurocognitive deficits including attention and working
memory dysfunction3,4 and neurophysiological deficits,
such as impaired mismatch negativity (MMN) and
P300 event-related potential,5,6 which were associated
with psychotic symptoms as potential vulnerability
markers. Recently, magnetic resonance imaging (MRI)
has been used to investigate cortical atrophy in vivo
and has provided evidence of progressive structural brain
alterations in individuals with either schizophrenia or
UHR.7–9 This suggests that morphological brain abnor-
malities are potential vulnerability markers for develop-
ing schizophrenia, albeit with unclear results.10

Morphological postmortem studies in schizophrenia
have reported increased neuronal packing density with
a corresponding reduction in cortical thickness in the
prefrontal cortex (PFC)11 and anterior cingulate cortex
(ACC)12 and increased microglia density in both frontal
and temporal cortical regions.13 However, postmortem
studies are limited by small sample sizes and the labor
intensiveness of the measurement techniques. Recently,
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structural MRI studies have been applied to identify
regional changes in cortical gray matter (GM) in schizo-
phrenia and have produced a wealth of evidence for ab-
normalities of brain structure.9,14 The most consistent
results from accumulated data were lower total GM
volume and GM reductions in the superior temporal
gyrus (STG), medial temporal gyrus, and PFC with
promising findings in ACC in schizophrenia subjects rel-
ative to healthy control (HC) subjects.9 Similar abnor-
malities have been repeatedly described in the early
stages of psychosis, ie, first-episode schizophrenia, albeit
with negative findings.15 These findings indicate that
some brain regions experience GM atrophy associated
with the early stages of illness and raise questions about
the regional pattern and timing (prior to or after onset of
psychosis) of these changes. A few studies have attempted
to address these questions by investigating brain changes
in UHR using a manual region of interest (ROI)–based
or voxel-based morphometry (VBM) method. Previous
studies employing either ROI or VBM methods have
reported differences in the hippocampus, STG, insula,
and amygdala in UHR subjects compared with HC sub-
jects7 and revealed reduced GM volume in the STG and
insula in individuals who later developed psychosis (con-
verters) compared with nonconverters,7,16,17 although
some studies showed no difference between UHR sub-
jects and HC subjects.18 Although recently accumulating
data have frequently shown brain abnormalities in UHR
subjects, the results are somewhat equivocal. The discrep-
ancies in these findings may partly arise from differences
in sample characteristics, symptom severity, and analysis
approaches. For instance, the ROI method is specific to
particular brain regions, and the VBM method exhibits
limited accuracy in cortical morphology, particularly in
sulcal regions that have been obscured by the partial
volume effect, and its results are sensitive to the size of
smoothing. More recently, cortical thickness analyses
from MRI data have been developed, such as surface-
based methods, estimated from the nodes of a 3-dimen-
sional (3-D) polygonal mesh,19,20 or voxel-based cortical
thickness methods, calculated at every volumetric point
within the cortex.21 Cortical thickness in different regions
reflects the size, density, and arrangement of cells. Micro-
scopic changes of cortical thickness may indicate altera-
tions in dendrites or dendritic spines and changes in
myelination within specific brain systems.22,23 Thus,
this method more closely reflects the underlying anatom-
ical reality than previous GM density or volume estimat-
ing methods and provides a quantitative index of
cytoarchitectural abnormalities24 and disturbances in
normal brain development.25

The aim of the present study was to investigate whether
there were structural cortical changes in UHR subjects
who had no family history of psychosis, compared
with HC subjects across the entire brain using automated
surface-based method. The surface-based method was

used because of its well-established geometric/topologic
accuracy and mesh characteristics.26 We also tried to
determine if the severity and distribution of cortical atro-
phy differed among UHR, schizophrenia, and HC
groups, which may help us to understand how UHR
might evolve into psychosis from a neurodevelopmental
perspective. We hypothesized that cortical thinning
would appear in the regions predicted by previous stud-
ies, ie, PFC, STG, and ACC.10,27 We expected milder
changes of cortical thinning in UHR group than schizo-
phrenia group, compared with HC group, and that these
changes might interact with effects of age and clinical
features.

Methods

Subjects

UHR subjects and schizophrenia patients were recruited
within a prospective, longitudinal project to investigate
people at high risk for schizophrenia from the Seoul
Youth Clinic. The UHR group (n = 29) was defined
according to the Comprehensive Assessment of At-
Risk Mental States (CAARMS) criteria.28 However,
individuals were excluded if they had a first- to third-
degree relatives with a psychotic disorder to investigate
the effect of clinical state in the prodromal phase of
psychosis. Twenty-eight of the UHR subjects met atten-
uated psychotic symptoms criteria, showing positive
psychotic symptoms of subthreshold intensity or fre-
quency; the remaining 1 subject met brief limited inter-
mittent psychotic symptoms criteria, showing frank
psychotic symptoms for less than 1 week. Among the
29 UHR subjects, 11 individuals had met the criteria
for major depressive disorder, 1 had dysthymia, and
2 had anxiety disorder not otherwise specified. The
remaining 15 subjects had no concurrent psychiatric
diagnosis. Eight individuals in the UHR group were re-
ceiving low-dose treatment with atypical antipsychotics,
one with atypical antipsychotics and selective serotonin
reuptake inhibitor (SSRI), and one with SSRI and lith-
ium at baseline. Study participants overlapped with sub-
jects included in our previous investigations of UHR
subjects8 but were not identical because some UHR sub-
jects who had been included in our previous study had
a family history of psychosis and were excluded from
the current study to minimize any hereditary factors.
The schizophrenia group consisted of 31 patients who ful-
filled Diagnostic and Statistical Manual of Mental Disor-
ders (Fourth Edition) (DSM-IV) criteria for
schizophrenia, as diagnosed by the Structured Clinical
Interview for DSM-IV.29 All patients were receiving
drug treatment at the time of investigation. The
29 age- and IQ-matched HC subjects, without a lifetime
history of any psychiatric disorder or treatment, were
recruited from an Internet advertisement. HC subjects
were screened using the Structured Clinical Interview
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for DSM-IV Axis I Disorders Non-Patient Edition30 with
an additional exclusion criterion of any first- to third-
degree biological relatives with a psychiatric disorder.
The demographic characteristics of the subjects in each
group are presented in table 1. Participants were excluded
if they had a history of substance abuse or dependence,
neurological disease, head injury or medical illness with
documented cognitive sequelae, or intellectual disability
(IQ < 70). All procedures were performed in accordance
with the current version of the Declaration of Helsinki.
The Institutional Review Board of the Seoul National
University Hospital approved all work. All subjects
were provided with written informed consent including
parental consent for those who were less than 18 years
old.

Clinical Interviews and Assessments

At the study intake, in addition to CAARMS, the
Positive and Negative Syndrome Scale (PANSS)31 was
administered to both UHR and schizophrenia groups
to quantify the burden of psychotic symptoms of these
subjects. All participants were assessed with the Hollings-
head Scale for parental socioeconomic status (SES). The
Korean version of the Wechsler Adult Intelligence Scale
was administered to all subjects to estimate their IQ. The
family interview for genetic studies32 was used to docu-

ment any family history of psychotic disorders.
UHR subjects enrolled in this study were monitored
longitudinally by experienced psychiatrists to detect
the conversion to psychosis on at least a monthly basis.
Conversion to psychosis was determined using the crite-
ria developed by the Personal Assessment and Crisis
Evaluation clinic: Acute psychosis was defined as the
presence of at least one symptom, such as hallucinations,
delusions, or formal thought disorder, at least several
times a week and persisting for longer than 1 week.33

Eight of the UHR subjects (27.59%) made the transition
to psychosis: 5 with schizophrenia (3 paranoid types and
2 undifferentiated types) and 3 with bipolar disorder with
psychotic features. The mean interval between the acqui-
sition of MR images and the onset of psychosis for them
was 11 6 8.33 months.

MRI Acquisition

All structural MRI scans were acquired in axial plane
using a 1.5-T scanner (Avanto, Siemens, Erlangen,
Germany) and T1-weighted 3-D magnetization-prepared
rapid-acquisition gradient echo (MPRAGE) sequence.
Parameters were as follows: echo time/repetition time =
4.76/1160 milliseconds, flip angle = 15�, field of view =
230 mm, voxel size = 0.45 3 0.45 3 0.9 mm. From a visual
inspection, all scans were judged to be excellent without

Table 1. Demographic and Clinical Variables and Mean Cortical Thickness for Each Hemisphere of the Subjects

UHR Subjects
(n = 29)

Schizophrenia
Subjects (n = 31)

HC Subjects
(n = 29)

Analysis

F, v2,
or T P

Age (y) 22.24 6 4.33 24.26 6 4.24 23.24 6 2.71 2.063a 0.133
Gender (male/female) 15/14 17/14 15/14 0.079b 0.961
Handedness (right/left) 28/1 30/1 28/1 0.001b 1.000
Education (y) 13.28 6 2.43 13.74 6 2.18 14.48 6 1.21 2.649a 0.076
IQ 107.82 6 15.17 102.29 6 11.16 110.24 6 14.67 2.664a 0.076
Parental SES 2.75 6 1.04 2.44 6 0.92 2.47 6 0.84 0.836a 0.438
Duration (y) 4.55 6 3.02
CAARMS total score 37.41 6 15.17
PANSS total score 53.66 6 11.69 57.72 6 13.60 �1.222c 0.227
PANSS positive 12.72 6 3.40 13.10 6 3.24 �0.435c 0.666
PANSS negative 11.72 6 3.53 16.55 6 5.60 �3.927c <0.001
PANSS general 29.17 6 7.22 28.07 6 6.99 0.591c 0.557
Intracranial volume 1165.76 6 87.58 1105.15 6 116.89 1134.38 6 97.48 2.657a 0.076

Mean cortical thickness
(mm)
Left hemisphere 3.68 6 0.12 3.52 6 0.16 3.72 6 0.11 20.689d <0.001, HC = UHR >

schizophrenia
Right hemisphere 3.67 6 0.12 3.53 6 0.17 3.72 6 0.13 13.754d <0.001, HC = UHR >

schizophrenia

Note: UHR, ultra-high-risk; HC, healthy control; SES, Hollingshead socioeconomic status (highest = 1, lowest = 5); CAARMS,
Comprehensive Assessment of At-Risk Mental States; PANSS, Positive and Negative Syndrome Scale. Data given as mean 6 SD.
aAnalysis of variance.
bv2 test.
cIndependent t test.
dAnalysis of covariance.
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obvious motion artifacts, signal loss, or gross pathology
when evaluated by a neuroradiologist (C.H.C.).

ImageProcessingandMeasurementofCorticalThickness

The raw native MR images were corrected for intensity
nonuniformity resulting from inhomogeneities in the mag-
netic field using the N3 algorithm.34 Spatial normalization
to a stereotaxic space was performed using a 9-parameter
linear registration.35 The registered and corrected volumes
were classified as white matter, GM, cerebrospinal fluid,
and background using an advanced neural net classifier.36

The surfaces of the inner and outer cortex were automat-
ically fitted using the Constrained Laplacian-based Auto-
mated Segmentation with Proximities algorithm.37 The
reconstructed hemispheric cortical surfaces consisted of
81 920 meshes of discrete triangular elements. Inner
and outer surfaces had the same vertex number
(40 962), and there was a close correspondence between
the counterpart vertices of the inner and outer cortical
surfaces. The cortical thickness was defined as the Euclid-
ean distance between these linked vertices.20 To compare
the thicknesses of corresponding regions of the surface
model between the groups at a vertex level, the thick-
ness values were spatially normalized using surface-based
2-dimensional (2-D) nonlinear registration.38 The sphere-
to-sphere warping algorithm was used for 2-D surface reg-
istration. To match patterns of sulcal folding, we used the
crown distance transform feature. Vertices of each subject
were nonlinearly registered to an average template on the
sphere by matching crowns of gyri between subjects using
the crown distance transform feature.38 Sulcal variability
was reduced in all areas of the cortex using optimal param-
eter values, which was proved by entropy measures.39 Us-
ing the transformation, thickness information on vertices
was transformed to an average template. For global anal-
ysis, averaged values of the thickness of the whole surface
in each hemisphere were analyzed.

Statistical Analysis

Diffusion smoothing with a full-width half-maximum of
20 mm was used to blur each cortical thickness map, which
increased the signal-to-noise ratio and statistical
power.40,41 Global and regional differences of cortical
thickness among the 3 groups were analyzed using an anal-
ysis of covariance (ANCOVA) with age, gender, and in-
tracranial volume (ICV) as covariates. The ICV was
measured by summing all voxel volumes within the brain
mask including GM, white matter, and cerebrospinal
fluid. The brain mask was generated using the FSL
BET algorithm.42 Significant differences among 3 groups
were reported when they passed a whole-brain false dis-
covery rate (FDR) correction with an FDR-corrected
P< .01, and their surface sizes exceeded 20 mm2.43 Global
and regional differences in the cortical thicknesses be-
tween 2 groups (ie, UHR group vs HC group, schizophre-

nia group vs HC group, and schizophrenia group vs UHR
group) were also analyzed using an independent t test. The
statistical analysis of regional cortical thickness was per-
formed on a vertex-by-vertex basis, and the results of these
tests are mapped onto the surface model where significant
results are indexed in color. We conducted permutation
tests with P value at .01 to confirm that the significant
changes between 2 groups were not purely by chance
for multiple comparisons as follows.44 Subjects were ran-
domly assigned to groups across 10 000 new randomized
analyses at each vertex, and the number of significant
results (ie, GM thickness at any vertex that significantly
differed between groups at the threshold of P = .01)
that occurred in the real test for group differences was
compared with the null distribution of significant results
that occurred by chance.

After identifying the regions showing differences in cor-
tical thicknessamongthese3groupsandbetweentheUHR
group and control subjects as ROIs, we computed mean
cortical thickness within each ROI. Then, a correlation
was performed to establish relationships between mean
cortical thickness at each ROI and clinical variables
(age,CAARMSscore,PANSSscore). Inaddition,2-tailed
t tests were performed on z-transformed correlation coef-
ficients of each variable and mean cortical thickness within
each ROI between groups.45

Results

Demographic Characteristics and Clinical Symptoms

The demographic and clinical characteristics of the
3 groups are shown in the table 1.The age, gender ratio,
handedness, level of education, IQ, and parental SES
were not significantly different among the 3 groups.
The UHR group scored significantly less on negative
symptoms, measured by PANSS, than the schizophrenia
group (UHR group, 11.72 6 3.53; schizophrenia group,
16.55 6 5.60; P < .001).

Comparison of theHemisphericMean Cortical Thickness

ANCOVA revealed that the mean cortical thickness in
each hemisphere differed among the UHR, schizophre-
nia, and HC groups (left hemisphere, F2,83 = 20.689,
P < .001; right hemisphere, F2,83 = 13.754, P < .001).
Comparisons between 2 groups showed that the mean
cortical thickness in schizophrenia group differed from
that in the HC and UHR groups, but there was no
difference between the UHR and HC groups (figure 1,
table 1).

Cortical Thickness in UHR vs Schizophrenia vs HC
Groups

Figure 2 presents the differences in the mean cortical
thickness at each vertex between groups (figure 2A)
and statistically significant differences in cortical
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thickness between 2 groups (figure 2B). There were sig-
nificant group differences across the 3 groups in the
bilateral insula and medial frontal cortex extending
from the ACC and left STG, superior frontal cortex, pos-
terior cingulate cortex (PCC), inferior temporal cortex,
parahippocampal cortex, in addition to the right STG,
inferior frontal cortex, precentral cortex, postcentral cor-
tex, middle temporal cortex, inferior parietal cortex, un-
cus, and PCC. Relative to HC group, the UHR group
showed cortical thinning in the left STG, right lingual
cortex, right inferior frontal and parietal cortex, right
middle temporal cortex, as well as the bilateral ACC,
parahippocampal cortex, and medial frontal cortex. To
further illustrate the magnitude of these effects, mean
cortical thicknesses in these regions for all 3 groups
are presented in figure 3. In each of these areas, gradual

decreases in mean cortical thickness could be found,
according to psychotic stages, ie, HC group > UHR
group > schizophrenia group. All these regions showed
statistically significant differences among the 3 groups.
Relative to the UHR group, the schizophrenia group
had significant cortical thinning in the left STG, superior
frontal cortex, parahippocampal cortex, and inferior
temporal cortex and in the right insular cortex, uncus,
posterior cingulate cortex, precentral cortex, and middle
temporal cortex, as well as in the bilateral medial frontal
cortex extending from the ACC and the inferior parietal
cortex. Comparison between the schizophrenia and HC
groups revealed that schizophrenia patients showed
cortical thinning in the left superior frontal cortex, infe-
rior temporal cortex, and precuneus, in addition to the
right parahippocampal cortex, inferior parietal cortex,

Fig. 1.Mean Cortical Thickness in 3 Groups for Each Hemisphere. The plots show gradual decreases in the mean cortical thickness according
to the psychotic stages. UHR, ultra-high-risk (n 5 29); schizophrenia (n 5 31); HC subjects, healthy control subjects (n 5 29).

Fig. 2. Regional Maps of the Differences in the Mean Cortical Thickness (A) and Statistical Maps Between Groups: HC Subjects vs
UHR Subjects, HC Subjects vs Schizophrenia Subjects, and UHR Subjects vs Schizophrenia Subjects (B). UHR, ultra-high-risk (n5 29);
schizophrenia (n 5 31); HC subjects, healthy control subjects (n 5 29).
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lingual cortex, and precentral cortex, as well as in the bi-
lateral insular cortex, inferior frontal cortex, STG, PCC,
and ACC.

Correlation Analysis

For the UHR group, mean cortical thickness in the
regions of left ACC, left medial superior frontal cortex,
right ACC, and right inferior frontal and parietal cortex
was correlated with their age, showing a significantly

steeper downward-directed age correlation slope in the
UHR group compared with HC group (figure 3). The
other variables were not correlated with GM thickness
in the UHR group.

Discussion

To our knowledge, this is the first study to investigate
structural cortical differences between UHR group with-
out a family history of psychosis, schizophrenia group,

Fig. 3.Brain Regions with Significant Reduced Cortical Thickness in UHR Subjects Compared with HC Subjects. In the left hemisphere, the
cortical thickness was decreased in superior temporal gyrus (L1), anterior cingulate cortex (ACC, L2), parahippocampal cortex (L3), and
medial superior frontal cortex (L4). In the right hemisphere, the cortical thickness was reduced in dorsal ACC (R1), rostral ACC (R2), inferior
frontal cortex (R3), and inferior parietal cortex (R4). All these regions showed statistically significant differences among 3 groups. In the
boxplot, thex-axis showsbrainregionswithsignificant reductionofcortical thickness, andthey-axis indicatescortical thickness (millimeters).
The horizontal thick line inside each box indicates the median value. The upper and lower boundaries of each box mean lower quartile and
upper quartile values, respectively. The whiskers represent smallest and largest nonoutlier observations. The circle depicts a mild outlier, and
asterisk indicates an extreme outlier. Scatterplots and age correlation slopes for mean cortical thickness (millimeters) with increasing age
within regions for UHR and HC subjects. The x-axis indicates age (y), and the y-axis indicates cortical thickness (millimeters). Significant
correlations between age and mean cortical thickness within each region are marked (asterisk). UHR, ultra-high-risk (n5 29); schizophrenia
(n 5 31); HC subjects, healthy control subjects (n 5 29); ACC, anterior cingulate cortex.
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and HC group in terms of cortical thickness in a cross-
sectional manner. The major findings of the present study
were reduced cortical thickness in the ACC, PFC, STG,
and inferior parietal regions in the UHR group compared
with HC group; these regions were more extended in
schizophrenia group. Age in UHR individuals was
negatively correlated with cortical thickness in these
regions. ANCOVA among the 3 groups revealed signif-
icant differences in mean cortical thickness for each hemi-
sphere and regional cortical thickness differences in
distributed regions.

Mounting evidence suggests that, in general, schizo-
phrenia subjects have structural GM deficits in wide-
spread regions, particularly in the frontal and temporal
cortices, as a psychopathological feature, and frontotem-
poral dysconnectivity. The occurrence of these deficits
may be linked to functional decline at the prodromal
stage of schizophrenia. As expected, our UHR group
showed cortical thinning in several frontal cortices and
in the STG. The pattern of cortical thinning found in
this study was in line with previous MRI studies in schizo-
phrenia and UHR groups, compared with HC
group.7,10,46,47 Many previous studies have repeatedly
reported morphologic abnormalities of the STG and ad-
jacent temporal cortex, particularly the primary auditory
cortex and planum temporale in the left hemisphere,9,48

and its functional deficits include auditory hallucinations
or thought disorders in schizophrenia.49,50 Volume
reductions in the left posterior STG in schizophrenia
were highly correlated with the amplitude reduction of
MMN51 and the reduction of the magnetic counterpart
of MMN (MMNm).52 Disturbances in MMN may index
structural abnormalities of the left posterior STG in
schizophrenia. In our previous work, the UHR group
showed a negative correlation between left MMNm di-
pole moment and clinical symptoms, in addition to
a smaller right MMNm dipole moment than in HC
group.6 These results may implicate structural deficits
of the STG in UHR individuals. VBM studies demon-
strated that UHR individuals had smaller left STGs
than HC individuals.7,53 In addition, Takahashi et al17

have recently reported a progressive decrease of the
STG in UHR subjects, using detailed ROI analyses on
longitudinal MRI data. Our findings and other work
suggest that temporal lobe abnormalities may precede
the onset of psychosis and progressively worsen over
time. In line with this assumption and consistent with pre-
vious studies, our schizophrenia subjects had widespread
reductions in the STG compared with HC subjects.

In addition to the STG atrophy, our UHR group
showed cortical thinning in the frontal lobe including
the PFC, medial frontal cortex, and ACC. First, de-
creased cortical thickness of the PFC in UHR subjects,
compared with HC subjects, has been found consistently
by other groups.16,54 Impairments in the PFC may be
expected to lead to cognitive dysfunction such as in atten-

tion and working memory in UHR individuals.3,4 Some
neuroimaging studies have found prefrontal hypofunc-
tion in UHR groups, which is implicated in the patho-
physiology of schizophrenia.55,56 Second, the medial
frontal cortex implicated in the default mode network
has a role in social cognition.57 Thus, a decreased medial
frontal cortex corresponds with our previous assump-
tion, derived from a psychological study using a the-
ory-of-mind task, showing decreased social cognition
and implicating a deficit in the medial frontal cortex.58

Third, the UHR group exhibited significantly reduced
cortical thickness in the ACC. The ACC is related to im-
paired cognition (self-monitoring) and disorganization in
patients with schizophrenia.59,60 In the present study,
decreased GM of ACC in the UHR group is consistent
with previous MRI studies.16 In addition, some VBM
studies have reported decreased ACC GM in converters,
relative to nonconverters.7,16 In comparison analysis
between converters (n = 8) and nonconverters (n = 22)
in the present study (not described), it was observed
that converters showed reduced cortical thickness in right
ACC in addition to left lingual cortex, right superior tem-
poral cortex, and bilateral inferior temporal cortex (at
a more lenient threshold of P < .05; see Supplementary
figure S1). However, these findings should be considered
preliminary given the small sample size and more lenient
threshold. Recently, Fornito et al27 have indicated that
abnormalities of the ACC precede psychosis onset by ap-
plying a cortical surface-based protocol for parcellating
the ACC. Abnormalities of these midline brain structures
including the medial frontal cortex and ACC are compat-
ible with prior suggestions about neurodevelopmental
anomalies in UHR subjects.61 Abnormalities of cavum
septi pellucidi and the ACC folding have been reported
in UHR subjects, which reflect early neurodevelopmental
anomalies,8,62 as were previously observed in schizophre-
nia patients.63,64 It suggests that early neurodevelopmen-
tal anomalies may lead to disturbances on the subsequent
brain maturation and produce further late neurodevelop-
mental changes during the initial stages of a psychotic
illness.65 Longitudinal MRI studies of UHR subjects
have reported progressive GM loss before and after psy-
chosis onset in the medial temporal and prefrontal
regions using voxel-based approach.16,66

In the UHR group, we found negative correlations be-
tween age and cortical thickness in some regions, partic-
ularly the right PFC (Brodmann area [BA] 10), right
inferior parietal cortex, and bilateral ACC. Several lon-
gitudinal MR studies have reported progressive loss of
GM volume with increasing age, in addition to duration
and severity of illness, in first-episode and chronic schizo-
phrenia,67–69 although these findings are inconsistent.70

Studies of normal brain maturation have consistently
reported GM volume reductions in frontal and parietal
cortices in adolescence.71 O’Donnell et al72 exhibited
a significant inverse correlation between age and cortical
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thickness in the frontopolar cortex (BA 10) through late
childhood and adolescence. Thompson et al73 described
the trajectory of GM loss in a longitudinal structural
study of early-onset schizophrenia, which started in the
parietal cortex and then progressed forward to temporal
and frontal cortices, reflecting an exaggeration of the
normal cortical developmental processes. In this context,
structural changes in the UHR group may be interpreted
as an abnormal acceleration of normal cortical develop-
mental processes. Further study is needed to verify this
interpretation.

Based on dynamic neuroanatomical changes across
clinical conditions, structural neuroimaging studies
have recently tried to identify UHR individuals or schizo-
phrenia individuals and predict conversion using neuro-
anatomical pattern classification. Koutsouleris et al74

have distinguished UHR group from HC group by
depending on structural between-group differences
with respect to GM volume. Cortical thickness analysis
using principal component analysis discriminated
between schizophrenia and HC groups.24 However, a re-
cent study has reported that cortical thickness asymmetry
analysis, which evaluated the cortical asymmetry of cor-
responding regions between left and right hemispheres,
contributes to detection of UHR and first-episode
psychosis but not cortical thickness analysis.75 The dis-
crepancies between these results may result from differ-
ences in analysis approaches and sample characteristics.

There are notable differences in sample characteristics
between our dataset and previously published research.
The patients with schizophrenia who participated in
this study were in maintenance therapy periods after
the recovery from their first psychotic episodes, and
the clinical status of the patients was relatively stable.
It was thought that chronic patients with schizophrenia
were less suitable for comparison of brain structures be-
tween UHR and schizophrenia groups because there may
be a potential for underlying structural brain abnormal-
ities occurred from the chronic symptoms. Thus, the
chronic schizophrenia patients were not appropriate
for the purpose of the study that was to investigate dy-
namic brain changes preceding onset of psychosis. Our
UHR individuals had no family history of psychosis,
while schizophrenia has a strong genetic component.76

It is thus hard to generalize our results to schizophrenia.
A potential explanation for structural differences we
found is that these differences may be associated with
environmental or epigenetic factors rather than genetic
factors. Genetic factors may not be necessary to produce
structural changes in UHR subjects. Among the 8 con-
verters, 5 individuals converted to schizophrenia and
others converted to other forms of psychiatric disorders.
Therefore, our results may be related to psychosis rather
than schizophrenia.

Several limitations in the present study should be taken
into account. First, all schizophrenia patients and

10 UHR subjects were taking atypical antipsychotics,
raising the possibility of a medication confound. Recent
studies suggest that antipsychotic treatment may contrib-
ute to the changes of cortical thickness,77,78 although
some studies have not found these effects.46,47 However,
in this study, the UHR subjects took psychotropic med-
ications only after the complete clinical evaluations, and
the time intervals between the beginning of medications
and the MRI scans were relatively short (mean = 4.64 6

4.48 d). Additional analysis revealed no significant differ-
ences in cortical thickness between 10 medicated and
19 unmedicated subjects in the UHR group. Compari-
sons between the 19 unmedicated UHR subjects and
HC subjects remained significant in terms of differences
in ROIs. However, we still cannot rule out the confound-
ing effects in comparisons between schizophrenia and
other groups. Further research is needed to examine
more precisely how the effects of treatment affect these
changes in cortical thickness. Second, the present study
was not able to directly compare longitudinal brain
changes in converters with those in nonconverters. So,
it is not clear whether the structural changes found led
to the progressive effects of the disease or other factors.
However, a previous study using a similar methodology
lacked a HC group and so did not address the deviation
from normal brain changes.54 The present study con-
tained HC, schizophrenia, and UHR groups without
a family history of psychosis, and the sample size for
each group was modest as these subjects were relatively
difficult to recruit.

In summary, we demonstrated a pattern of cortical
thinning in the UHR group compared with HC group,
particularly in the ACC, PFC, STG, and inferior parietal
regions, and these changes were further extended for
schizophrenia by applying surface-based method. These
structural abnormalities could be potential candidates for
vulnerability markers for the development of schizophre-
nia. Further longitudinal investigation of these groups
will clarify the issue of progressive brain changes related
to the illness process.
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45. Nesvåg R, Lawyer G, Varnäs K, et al. Regional thinning of
the cerebral cortex in schizophrenia: effects of diagnosis,
age and antipsychotic medication. Schizophr Res. 2008;
98:16–28.

46. Kuperberg GR, Broome MR, McGuire PK, et al. Regionally
localized thinning of the cerebral cortex in schizophrenia.
Arch Gen Psychiatry. 2003;60:878–888.

47. Narr KL, Bilder RM, Toga AW, et al. Mapping cortical
thickness and gray matter concentration in first episode
schizophrenia. Cereb Cortex. 2005;15:708–719.

48. Kwon JS, McCarley RW, Hirayasu Y, et al. Left planum tem-
porale volume reduction in schizophrenia. Arch Gen Psychia-
try. 1999;56:142–148.

49. Barta PE, Pearlson GD, Powers RE, Richards SS, Tune LE.
Auditory hallucinations and smaller superior temporal gyral
volume in schizophrenia. Am J Psychiatry. 1990;147:1457–1462.

50. Shenton ME, Kikinis R, Jolesz FA, et al. Abnormalities of
the left temporal lobe and thought disorder in schizophrenia.
A quantitative magnetic resonance imaging study. N Engl
J Med. 1992;327:604–612.

51. Salisbury DF, Kuroki N, Kasai K, Shenton ME, McCarley RW.
Progressive and interrelated functional and structural evi-
dence of post-onset brain reduction in schizophrenia. Arch
Gen Psychiatry. 2007;64:521–529.

52. Yamasue H, Yamada H, Yumoto M, et al. Abnormal associ-
ation between reduced magnetic mismatch field to speech
sounds and smaller left planum temporale volume in schizo-
phrenia. NeuroImage. 2004;22:720–727.

53. Meisenzahl EM, Koutsouleris N, Gaser C, et al. Structural
brain alterations in subjects at high-risk of psychosis: a vox-
el-based morphometric study. Schizophr Res. 2008;102:
150–162.

54. Sun D, Phillips L, Velakoulis D, et al. Progressive brain struc-
tural changes mapped as psychosis develops in ‘at risk’ indi-
viduals. Schizophr Res. 2009;108:85–92.

55. Morey RA, Inan S, Mitchell TV, Perkins DO, Lieberman JA,
Belger A. Imaging frontostriatal function in ultra-high-risk,
early, and chronic schizophrenia during executive processing.
Arch Gen Psychiatry. 2005;62:254–262.

56. Wood SJ, Berger G, Velakoulis D, et al. Proton magnetic
resonance spectroscopy in first episode psychosis and ultra
high-risk individuals. Schizophr Bull. 2003;29:831–843.

57. Amodio DM, Frith CD. Meeting of minds: the medial frontal
cortex and social cognition. Nat Rev Neurosci. 2006;7:
268–277.

58. Chung YS, Kang DH, Shin NY, Yoo SY, Kwon JS. Deficit
of theory of mind in individuals at ultra-high-risk for schizo-
phrenia. Schizophr Res. 2008;99:111–118.

59. Assaf M, Rivkin PR, Kuzu CH, et al. Abnormal object recall
and anterior cingulate overactivation correlate with formal
thought disorder in schizophrenia. Biol Psychiatry.
2005;59:452–459.

60. Kim JJ, Lee YJ, Lee DS, Lee MC, Kwon JS. Regional pre-
frontal abnormalities during working memory in schizophre-
nia: a topography-based functional activation study.
Psychiatr Invest. 2004;1:37–43.

61. Pantelis C, Velakoulis D, Wood SJ, et al. Neuroimaging and
emerging psychotic disorders: the Melbourne ultra-high risk
studies. Int Rev Psychiatry. 2007;19:371–381.
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