solely from the first group, the classification of the second group
was achieved independently of subjects’ diagnosis of the second
group. Sensitivity, specificity, accuracy, positive predictive value
(PPV), necgative predictive valuc (NPV), and false positive rate
(FPR) of the classifier were calculated. Detailed descriptions of
discriminant function analysis and stepwise variable selection can
be found at the Statsoft website (http://www.statsoft.com/
textbook/).

All statistical analyses were performed using the STATISTICA
06] softwarc package (Statsoft, Tulsa, OK).

Results

Demographic and clinical characteristics

Tables 1 and 2 present the results of group comparison of the
demographic and clinical measures of male subjects and female
subjects, respectively. When all subjects were combined, there
were significant main effects of diagnosis on SES (F=41.77,
df=1,87, p<0.001) and estimated 1Q (F=6.90, df=1,85,
p=0.01). Post hoc tests showed that schizophrenia patients had
lower SES (p<<0.001) and lower estimated IQ (p=0.01) than

controls.

Comparison of the brain measures

Tables S1 and S2 show the comparisons of the volumes and the
mcan cortical thicknesses of ROIs among diagnostic groups,
respectively. Below, we describe the significant results of post hoc
tests.

Comparison of the ROI volumes. Post hoc tests
demonstrated significant gray matter volume reductions of the

Right hemisphere

§ Thickness
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bilateral hippocampus (p<<0.001 for both hemispheres), the
bilateral fusiform gyri (p =0.002 for left, p=0.024 for right), and
the bilateral lateral occipital cortices (p =0.001 for left, p=10.014
for right) in schizophrenia patients compared with those of healthy
subjects (Figure 2). Gender differences of ROI volumes were seen
in the bilateral amygdala (male>female, p<<0.001 for both
hemispheres).

Comparison of the mean thickness of ROIs. Significant
cortical thinning in schizophrenia patients compared with controls
was observed in the bilateral rostral middle frontal gyri (p = 0.007
for left, p=0.007 for right), the bilateral pars opecularis (p = 0.002
for left, p<<0.001 for right), the bilateral pars triangularis (p<<0.001
for left, p=0.009 for right), the bilateral pars orbitalis (p = 0.002
for left, p<<0.001 for right), the bilateral lateral orbitofrontal
cortices (p<<0.001 for both hemispheres), the bilateral superior
temporal gyri (p<<0.001 for left, p=0.001 for right), the bilateral
middle temporal gyri (p<<0.001 for both hemispheres), the bilateral
inferior temporal gyri (p<<0.001 for both hemispheres), the
bilateral fusiform gyri (p =0.005 for left, p<<0.001 for right), and
the bilateral temporal pole (p=0.004 for left, p=0.04 for right)
(Figure 3).

Classification of schizophrenia patients and healthy
subjects by brain measures

Among male subjects, the following 2 measures were entered in
a stepwise manner: the left lateral occipital cortex volume and
right lateral orbitofrontal cortex thickness (Figure 4). Accuracy,
sensitivity, specificity, PPV, NPV and FPV of the obtained
classifier were 86.1%, 80.0%, 93.8%, 94.1%, 78.9%, and 5.9%,
respectively in the first male cohort. In the second cohort, the

Left hemisphere

Figure 4. Discriminative pattern for male subjects. Selected regions were differentially colored when volume (blue) or thickness (yellow) of

those regions were entered into the model.
doi:10.1371/journal.pone.0021047.g004
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classifier correctly assigned 86.7% of the subjects. Accuracy,
sensitivity, specificity, PPV, NPV and FPV for second cohort were
86.7%, 88.9%, 83.3%, 88.9%, 83.3%, and 11.1%, respectively
(Table 3).

During the stepwise procedure, the following 5 measures were
selected as variables in female subjects: the left temporal pole
volume, the right medial orbitofrontal cortex volume, the right
pars triangularis volume, the left pars orbitalis thickness, and the
left superior temporal gyrus thickness (Figure 5). Accuracy,
sensitivity, specificity, PPV, NPV and FPV of the classifier were
96.7%, 94.1%, 100%, 100%, 92.9%, and 0%, respectively in the
first female cohort. Obtained classifier correctly classified 81.2% of
the subjects of the second cohort. Accuracy, sensitivity, specificity,
PPV, NPV and FPV for the second cohort were 81.2%, 66.7%,
100%, 100%, 71.4%, and 0%, respectively (Table 3).

Discussion

Classification performance

To the best of our knowledge, this is the first MRI study to
reliably classify first-episode patients with schizophrenia and
healthy subjects using fully automated MRI-based discriminant
analysis based on both brain regional volumes and regional
cortical thicknesses. Our results were comparable to those of
previous MRI-based classification studies in chronic [14-16,18]
and first-episode [13,17] schizophrenia patients. Our results

Table 3. Classification performance.

Male (n=36) Female (n=30)

A. First group

Accuracy (%)

Specificity (%) 100.0

NPV (%) 929

Male (n=15) Female (n=11)

B. Second group

86.7

Accuracy (%)

(%,
Specificity (%)

100.0

83.3

NPV (%) 714

FPR, false positive rate; HC, healthy control; NPV, negative predictive value; PPV,
Positive predictive value; SZ, schizophrenia.
doi:10.1371/journal.pone.0021047.t003
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suggest that the combination of automated brain measures is a
candidate for an objective biological marker of early schizophrenia
adjunct to clinical diagnosis.

In the present study, the fronto-temporolimbic regions as well as
the occipital cortex exhibited the discriminative patterns among
the diagnostic groups. These patterns appear to be somewhat
different from those of previous classification studies between
schizophrenia patients and healthy controls using whole brain
analysis by VBM [16] or cortical pattern matching [17], which
highlighted the fronto-temporal regions as contributing to
between-group differentiation. Interestingly, we replicated recent
findings by Rimol et al. [47] in showing robust cortical thinning of
posterior cortices in first-episode schizophrenia. Our results might
thus suggest that combination of cortical thickness (including
occipital regions) and gray matter volume contributed to high
classification accuracies reported in this study.

Several studies have attempted to distinguish between persons
with psychiatric conditions and healthy controls using neuropsy-
chological tests [48], a combination of structural brain measures
and neuropsychological tests [49], and functional MRI [50].
Although these previous studies also reported high classification
accuracy, neuropsychological and functional measures are con-
sidered more susceptible to the subjects’ condition (i.e., state-
dependent). In contrast, brain morphologic changes in schizo-
phrenia are considered to be more static and already exist at the
first episode of the illness [5] or even before/during the onset of
overt psychosis [51-53] Our findings that MRI measures alone
could reliably differentiate healthy controls and schizophrenia
patients might thus suggest a role of brain structural measures in
the earlier detection of psychosis. In fact, a recent VBM-based
classification study demonstrated successful discrimination of
individuals with at risk mental state (ARMS) who later developed
psychosis from those without transition to psychosis [54].

Volume reductions and cortical thinning of ROIs in

patients

This study demonstrated significant gray matter volume
reductions of temporal, limbic, and occipital regions in schizo-
phrenia patients compared with those of controls. In schizophrenia
patients, significant cortical thinning was more widely observed,
relative to volume reductions, in prefrontal and temporal regions.
These results are consistent with previous studies that reported
fronto-temporolimbic gray matter volume reductions [5-11] and
cortical thinning of prefrontal/temporal regions [20-25] in
schizophrenia patients. Prefrontal and temporolimbic regions are
considered to be involved in cognitive function, auditory/visual
processing, speech, emotional processing, executive function, and
decision-making, all of which are often impaired in schizophrenia
patients [55-57]. Onitsuka et al. [58] demonstrated volume
reductions of the bilateral occipital sub-region (the visual
association areas), which largely includes the lateral occipital
cortex where the schizophrenia patients had a decreased volume
in this study. In general, the present study has replicated the brain
structural abnormalities in schizophrenia patients demonstrated in
previous MRI-based studies.

Gender difference was seen in the bilateral amygdala volume
(male>female) in accordance with previous studies [44]. In order
to exclude such gender effect which potentially confounds
classification analyses, we divided the subjects into male and
female cohorts in this study.

Limitations

A few limitations in this study should be taken into account.
First, this study was partly limited by the lack of inclusion of other
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Left hemisphere

Figure 5. Discriminative pattern for female subjects. Selected regions were differentially colored when volume (blue) or thickness (yellow) of

those regions were entered into the model.
doi:10.1371/journal.pone.0021047.g005

psychiatric disorders such as bipolar affective disorder (BD). Our
preliminary classification analysis using the current sample as well
as 15 BD patients [8 males (mean age, 33.5 years) and 7 females
(mean age, 33.7 years)] correctly assigned 81.4% of male subjects
and 87.5% of female subjects, respectively (unpublished data).
However, larger number of BD patients will be needed to
delincate the conclusion that such technique may possibly attribute
to the clinical diagnosis of different psychiatric conditions. Second,
the higher socio-economic status of control group compared to
schizophrenia patients might have confounded the analyses,
although parental socio-economic status was not different between
groups. Third, the results may have been influenced by
antipsychotic medication that all patients in this study had
received prior to scanning [59-61]. Finally, as the sample size of
this study is modest (51 males and 41 females), we needed to assign
more subjects to the training cohort than to the validation cohort
in order to obtain more reliable classifiers. A larger number of
subjects should be tested for validation in future study.

Conclusion

In conclusion, our results showed that combinations of fully
automated brain measures successfully classified diagnostic groups
(i.e., schizophrenia patients and controls), and suggest that such
neuroimaging approaches may provide objective biological
information adjunct to clinical diagnosis of early schizophrenia.
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