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Fig.1. The subclassification of the regions of interest (ROIs). (a) The insula was divided into two subregions: anterior (pink) and posterior (green). (b) The thalamus was divided into
five subregions; the medial portions of the anterior (light blue) and central (purple) divisions, the lateral portions of the anterior (pink) and central divisions (green), and posterior
divisions (red-orange). (c) The ACC was divided into four subregions; dorsal (red), rostral (blue), subcallosal (green), and subgenual subregions (pink). (d) Perpendiculars to this axis
were drawn at specific arithmetic divisions, resulting in six callosal segments. The corpus callosum was divided into six subregions: genu (1), rostral body (2), anterior midbody (3),

posterior midbody (4), isthmus (5) and splenium (6).

We entered FA values in bilateral anterior and posterior insulae,
five thalamic subregions, four regions of the ACC, and six sub-
regions of the corpus callosum, and volume data in bilateral
anterior and posterior insulae, five thalamic subregions, and four
anterior cingulate subregions, 3rd, 4th, and lateral ventricles as
variables.

Discriminant functions were derived by stepwise methods after
Wilks’ method. The test was performed with the SPSS software ver.
17 (SPSS Japan, Tokyo). The stepwise selection criteria were deter-
mined by the overall multivariate F-value of each variable to test
the differences between the patients with schizophrenia and those
with MDD and to maximize the discriminant function between the
groups. The enter-criterion was F = 5, and the remove-criterion was

Table 1
Demographic and clinical characteristics of the subjects.

F = 4. An analysis was then performed to prospectively validate the
statistical model, the linear discriminant function analysis, by
successfully classifying the first two-group sample.

3. Results

The demographic and clinical data of the subjects are shown in
Table 1, and the mean regional volumes and FA values of each ROIs
were described in Table 2. The differences between the patients with
schizophrenia and MDD were analyzed by two sample t-test. There
was no significant difference in age, years of education, or whole
brain volume between the schizophrenia and MDD groups in either
sample.

Variable (a) Exploration sample (b) Validation sample
Schizophrenia Major Depressive Disorder p value Schizophrenia Major Depressive Disorder p value
Female (n = 25) Female (n = 25) Female (n = 18) Female (n = 16)
Mean + SD Mean + SD Mean + SD Mean + SD
Age (years) 40.3 + 10.6 423 +94 0.48 37.0 8.7 415 £ 105 0.12
Education (years) 13.7 £ 25 145+19 0.20 148 £25 145 +£2.1 0.89
Duratin of illness (year) 179 £ 9.8 9.1+91 0.002 15.6 £ 8.9 71+£59 0.012
Whole brain volume (liter) 1.10 + 0.08 1.08 £ 0.08 0.42 113 £0.10 1.08 + 0.10 0.20
Antipsychotic medication® 654.3 + 547.1 8.0 £400 <0.001 427.0 +4834 56.3 +225.0 0.006
Antidepressant medication® 00£00 105.4 + 143.0 0.001 0.0 £0.0 99.8 +103.1 0.001
Number of hospitalizations 35+ 4.5 03+05 0.002 1.8+23 0.6 + 1.0 0.023
HAM-D 122 +83 119 +7.2
PANSS positive 146 £ 5.9 154 + 6.1
PANSS negative 168 £ 84 141+ 438
PANSS general 324 £135 296473

HAM-D: Hamilton’s rating scale for depression; PANSS: positive and negative syndrome scale; SD: standard deviation.

*: Chlorpromazine equivalent. #: Imipramine equivalent.
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Table 2
Mean regional volume and fractional anisotropy of the subjects.
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Region Modality Laterelity (a) Exploration sample (b) Validation sample
Schizophrenia MDD p value Schizophrenia MDD p value
Mean + SD Mean + SD Mean + SD Mean + SD

Corpus callosum 1 FA 0.49 + 0.04 0.48 + 0.04 0.52 0.51 +0.03 049 + 0.04 0.09
Corpus callosum 2 FA 0.47 + 0.05 0.49 + 0.04 0.21 0.50 + 0.05 0.50 + 0.03 0.61
Corpus callosum 3 FA 043 + 0.04 0.44 + 0.04 0.37 0.45 + 0.05 0.45 =+ 0.04 0.69
Corpus callosum 4 FA 0.42 + 0.04 0.42 + 0.05 0.98 043 +0.05 042 + 0.03 0.57
Corpus callosum 5 FA 0.43 £ 0.04 0.44 + 0.05 032 0.45 + 0.04 0.44 + 0.03 0.55
Corpus callosum 6 FA 0.54 + 0.03 0.55 =+ 0.02 0.66 0.56 £ 0.03 0.56 + 0.02 0.61
Anterior insula FA Left 0.22 £ 0.01 0.21 + 0.01 0.04 0.21 £ 0.01 0.21 % 0.01 091
Right 0.21 4 0.01 0.20 + 0.01 0.03 0.20 £ 0.01 0.20 + 0.01 0.92
Volume Left 0.38 + 0.02 0.40 + 0.03 0.05 037 +0.03 0.39 & 0.02 0.06
Right 0.39 + 0.03 0.41 £ 0.03 0.01 0.38 £ 0.03 0.40 + 0.03 0.05
Posterior insula FA Left 0.24 + 0.02 0.23 £ 0.01 0.13 0.24 + 0.01 0.23 £ 0.01 0.78
Right 0.22 + 0.01 0.22 + 0.01 0.25 022 £ 0.01 0.22 + 0.01 0.58
Volume Left 0.35 £ 0.03 0.36 + 0.02 0.13 0.35 + 0.02 0.36 + 0.02 0.24
Right 037 +0.03 0.37 +0.02 0.44 0.36 £ 0.02 0.37 + 0.02 0.03
Anterolateral region of thalamus FA Left 0.46 + 0.02 0.46 + 0.02 0.22 0.46 + 0.02 045 + 0.02 0.07
Right 0.46 + 0.02 0.46 = 0.02 0.88 0.46 + 0.02 0.46 + 0.02 0.56
Volume Left 0.09 + 0.01 0.09 £ 0.01 0.41 0.08 + 0.01 0.09 + 0.01 0.01
Right 0.09 £ 0.01 0.09 + 0.01 032 0.09 + 0.01 0.10 & 0.01 0.00
Antero medial region of thalamus FA Left 0.32 % 0.02 0.33 £ 0.02 0.59 0.33 £0.02 032 +£0.02 0.20
Right 032 +0.01 0.32 £ 0.02 0.75 034 +0.02 0.33 & 0.02 0.31
Volume Left 0.22 £ 0.02 0.22 + 0.02 0.29 0.21 £+ 0.02 0.23 + 0.03 0.00
Right 0.23 + 0.02 0.24 + 0.02 0.03 0.22 +0.02 0.25 £ 0.03 0.00
Central lateral region of thalamus FA Left 0.41 £ 0.02 0.41 + 0.02 0.56 041 +0.02 0.41 +0.02 0.75
Right 0.40 + 0.02 0.40 + 0.02 0.81 0.40 + 0.01 0.40 + 0.02 0.49
Volume Left 0.14 + 0.02 0.14 + 0.01 0.66 0.13 £ 0.01 0.14 £ 0.01 0.02
Right 0.17 & 0.02 0.17 + 0.01 0.45 0.17 £ 0.01 0.18 + 0.02 0.02
Central medial region of thalamus FA Left 0.27 £ 0.02 0.28 + 0.02 0.28 0.28 + 0.02 0.27 + 0.02 0.14
Right 0.27 + 0.02 0.27 + 0.02 0.93 0.28 £ 0.02 0.27 £ 0.02 0.14
Volume Left 0.25 + 0.02 0.26 + 0.02 0.21 0.25 +0.02 0.27 £ 0.03 0.06
Right 0.27 + 0.02 0.28 £ 0.02 0.11 0.27 £ 0.02 0.29 + 0.03 0.01
Posterior region of thalamus FA Left 0.27 £ 0.02 0.28 + 0.02 0.08 0.28 + 0.02 0.28 + 0.01 0.89
Right 0.27 + 0.02 0.28 £ 0.02 0.10 0.28 +0.02 0.28 + 0.01 0.84
Volume Left 0.22 + 0.02 0.23 +0.02 0.46 0.22 £ 0.01 0.23 4+ 0.02 0.06
Right 0.25 + 0.02 0.25 £ 0.02 0.80 0.24 + 0.01 0.25 + 0.02 0.03
Dorsoral ACC FA Left 0.26 + 0.01 0.25 + 0.01 0.19 0.25 + 0.01 0.25 + 0.01 0.73
Right 0.31 =+ 0.01 0.31 £+ 0.01 0.75 0.31 £0.01 0.31 + 0.01 0.53
Volume Left 0.37 + 0.02 0.37 £0.02 0.17 037 +0.03 037 £ 0.02 0.69
Right 032+ 0.02 0.32 £ 0.02 0.56 032 +0.02 032 +£0.02 0.90
Rostral ACC FA Left 0.19 £ 0.01 0.19 + 0.01 0.23 0.19 + 0.01 0.18 + 0.01 0.04
Right 0.24 + 0.01 0.24 + 0.01 0.16 0.24 £ 0.01 0.23 £ 0.01 0.32
Volume Left 0.41 £+ 0.03 0.42 +0.03 0.41 0.42 4 0.03 042 +0.02 0.84
Right 038 + 0.03 0.38 + 0.03 0.35 0.38 + 0.03 0.39 £ 0.02 0.31
Subcallosal ACC FA Left 0.22 + 0.02 022 +0.02 0.93 0.22 +0.01 0.22 + 0.02 0.26
Right 0.29 £ 0.02 0.26 £ 0.02 0.00 0.28 +0.02 0.26 + 0.03 0.01
Volume Left 0.40 + 0.03 0.40 £ 0.03 0.36 0.39 £+ 0.03 0.40 + 0.03 0.25
Right 035 + 0.03 0.36 + 0.03 0.28 0.36 + 0.03 0.36 + 0.03 0.48
Subgenual ACC FA Left 0.20 + 0.02 0.21 £+ 0.02 0.31 021 £0.02 0.20 + 0.01 0.58
Right 0.25 + 0.03 0.24 + 0.02 0.32 0.24 £+ 0.02 0.24 + 0.02 0.68
Volume Left 0.40 + 0.03 0.41 =+ 0.03 0.18 038 +£0.03 0.40 + 0.03 0.06
Right 0.41 + 0.02 042 + 0.03 0.11 0.39 £ 0.03 0.41 £ 0.03 0.12
3rd ventricle Volume 0.19 + 0.05 0.17 £ 0.03 0.28 0.18 + 0.04 0.18 + 0.04 0.72
4th ventricle Volume 0.18 + 0.04 0.17 £ 0.03 0.27 0.18 £0.05 0.18 + 0.05 0.99
Lateral ventricle Volume 0.21 4+ 0.12 0.19 +£ 0.07 0.51 0.17 £ 0.07 0.18 +£ 0.05 0.51

FA: fractional anisotropy; ACC: anterior cingulate cortex; MDD: major depressive disorder.

The stepwise discriminant analysis yielded a model in which
three variables were selected. The obtained equation to calculate
"discriminant score" is:

Discriminant score = 46.0 xx -394 xy—-36.8 xz+6.9

where x is the FA value in the right subcallosal cingulate, y is the FA
value in the posterior subregion of the thalamus, and z is the ratio of
gray matter volume/whole brain volume in the right medial
portion of the anterior thalamus. When the discriminant score is
>0, it predicts that the patient has schizophrenia, and scores
<0 predict MDD.

The use of these variables resulted in correct classification rates
of 0.80 in schizophrenic patients and 0.76 in MDD patients in the
first sample (x* = 27.8; df = 3; p < 0.001; Wilks' lambda = 0.55)
(Fig. 2a). When the obtained discriminant model was applied to the
second sample, the correct classification rates were 0.72 in
schizophrenia and 0.88 in MDD groups (Fig. 2b).

4. Discussion

To our knowledge, this is the first attempt to produce a diag-
nostic tool to discriminate between schizophrenia and MDD based
on structural MRI of the brain. Among the 31 ROIs located in the
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Fig. 2. Plot of discriminant scores in schizophrenic and MDD patients. (a) Discriminant scores of 25 schizophrenia patients and 25 MDD patients. (b) Discriminant scores of the
second cohort of 18 schizophrenia patients and 16 MDD patients based on a linear discriminant function analysis between the original comparison samples.

thalami, ACC, insulae, corpus callosum, 3rd, 4th and lateral ven-
tricles, three ROIs (i.e., the right subcallosal ACC, posterior subre-
gion of the thalamus, and right medial portion of the anterior
thalamus.) were selected to produce the discriminant model by the
stepwise method. As for the correct classification rates, our results
showed good classification rates of schizophrenia (0.80) and MDD
(0.76) in the first exploration sample (0.90—1.00 = “excellent”,
0.80—0.89 = “good”, 0.70—0.79 = “fair”, 0.60—0.69 = “poor”, and
0.50—-0.59 = “fail”, according to Hanley and McNeil (1982) and
Lasko et al. (2005)). Importantly, this discriminant model success-
fully classified the second sample of schizophrenia (0.72; fair), and
MDD (0.88; good).

Several studies used high-resolution structural MRI scans as in-
puts to classification algorithms to distinguish between patients
with schizophrenia and healthy volunteers, with reported accu-
racies ranging from 79% to 94% (Csernansky et al., 2004; Davatzikos
et al., 2005; Fan et al., 2005; Kawasaki et al.,, 2007; Yoon et al., 2007).
A few studies have assessed the feasibility of using FA and/or mean
diffusivity (MD) maps in conjunction with automatic pattern
recognition methods to differentiate between the two groups, and
they correctly classified the patients with 75-94% accuracy
(Ardekani et al,, 2011; Caan et al., 2006; Caprihan et al,, 2008).

Further, the accuracy of the structural neuroanatomy such as
right subcallosal ACC and precuneus as a diagnostic marker for
MDD was 67.6% (Costafreda et al., 2009). The relatively low accu-
racy rate in our study may have occurred because patients with
mood disorders tend to share some neuroanatomical changes with
schizophrenic patients (e.g. Meisenzahl et al., 2010).

The discriminant model in this study included the gray matter
volume in the right medial portions of the anterior thalamus and FA
in the right posterior subregion of the thalamus; these regions have
been well known to be affected in schizophrenia, but not MDD
(Honea et al., 2005; Konick and Friedman, 2001). On the other hand,
previous neuroimaging studies showed the volume reduction of the
subcallosal ACC in cases of MDD (Coryell et al., 2005; Costafreda
et al,, 2009; Pezawas et al., 2005). The discriminant model in this
study also employed FA in the right subcallosal cingulate as a pos-
itive coefficient, and this is compatible with the preceding ones.

Limitation of the present study must be taken into account. First,
this study included only female subjects. It is known that there were
gender differences in brain morphology reported in MDD as well as
schizophrenia patients (Suzuki et al., 2002; Takahashi et al., 2010),
and that gender-difference effects on the course of progressive brain
change in schizophrenia (Irle et al,, 2011). In addition, some papers
detect the gender-difference of brain configuration and the aging
effect on the brain (Good et al,, 2001; Pruessner et al., 2001). The
correlative brain changes in male subjects need to be investigated
separately. Second, there was a difference of mean duration of illness

between the patient groups and we did not adjust the potential ef-
fects of age and duration of illness. It has been suggested that in
schizophrenic patients, progressive brain changes occur that are
rapid and diffuse compared with the aging effect of healthy subjects
(Friedman et al., 2008; Mori et al., 2007). The effects of degenerative
factors on the brain with MDD are not yet understood, and it is
difficult to specify the duration of illness in MDD patient because
MDD follows relapsing-remitting course. There is a need for sys-
tematic studies. It is difficult to adjust the factors that have different
effects on the two groups respectively, so we tried to cope with these
factors by balancing the mean age of the diagnostic groups.

In conclusion, our results suggest that schizophrenia and MDD
have differential structural changes in the brain regions examined
herein, and that a combination of such differences is useful to
discriminate between patients with schizophrenia and those with
MDD.
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Arterial spin labeling (ASL) magnetic resonance imaging (MRI) is a novel noninvasive technique that can mea-
sure regional cerebral blood flow (rCBF). To our knowledge, few studies have examined rCBF in patients with
schizophrenia by ASL-MRIL Here we used pseudo-continuous ASL (pCASL) to examine the structural and func-
tional imaging data in schizophrenic patients, taking the regional cerebral gray matter volume into account.
The subjects were 36 patients with schizophrenia and 42 healthy volunteers who underwent 3-tesla MR, diffu-
sion tensor imaging (DTI), and pCASL. We evaluated the gray matter volume imaging, DTI, and pCASL imaging
data in a voxel-by-voxel statistical analysis. The schizophrenia patients showed reduced rCBF in the left prefron-
tal and bilateral occipital cortices compared to the healthy volunteers. There was a significant reduction of gray
matter volume in the left inferior frontal cortex in the schizophrenia patients. With respect to the fractional an-
isotropy (FA) values in the DTI, there were significant FA reductions in the left superior temporal, left external
capsule, and left inferior prefrontal regions in the patients compared to the controls.

Conclusion: Our pCASL study with partial volume effect correction together with volumetry and DTI data demon-
strated hypoactivity in the left prefrontal area beyond structural abnormalities in schizophrenia patients. There
were also hypofunction areas in bilateral occipital cortices, although structural abnormalities were not apparent.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia is a complex disorder characterized by symptoms
such as hallucinations, delusions, disorganized communication, poor
planning, reduced motivation, and blunted affect. Structural brain
abnormalities, such as ventricular enlargement, total brain volume
deficits, and deficits in brain volume within the frontal, temporal,
and parietal regions have been consistently reported in people
with schizophrenia (reviewed in Shenton et al., 2001; Honea et al,,
2005; Kanaan et al., 2005; Kubicki et al., 2007). Previous studies
using nuclear medicine techniques such as single photon emission
computed tomography (SPECT) showed significant reductions of re-
gional cerebral blood flow (rCBF) in the frontal, parietal, and temporal
regions of people with schizophrenia (Vita et al,, 1995; Kanahara
et al., 2009).

Arterial spin labeling (ASL) magnetic resonance imaging (MRI) is a
novel noninvasive (i.e., non-radioactive) technique that can measure
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rCBF by taking advantage of arterial water as a freely diffusible tracer.
A few studies have shown that ASL is useful to detect functional ab-
normalities of the brain in schizophrenic individuals (Horn et al,,
2009; Scheef et al., 2010; Pinkham et al,, 2011; Walther et al., 2011).
Some of these studies showed the rCBF reduction in the frontal and pa-
rietal regions (Scheef et al., 2010; Pinkham et al., 2011; Walther et al,,
2011), occipital region (Pinkham et al,, 2011), and the temporal region
and cingulum (Scheef et al,, 2010; Walther et al., 2011); however,
another study found no significant difference between patients and
controls (Horn et al,, 2009). Additionally, the limited spatial resolution
of ASL images precludes exact rCBF measurements because the partial
volume effects on ASL cause an underestimation of activity in small
structures of the brain. Since many schizophrenia patients have altered
brain structures as described above, their rCBF images are likely to be
influenced by the partial volume effect. To our knowledge, however,
no ASL study has thus far taken account of the partial volume effect.
In this study, we examined differences in rCBF between patients
with schizophrenia and healthy controls by a recently developed
method, pseudo-continuous ASL (pCASL). pCASL combines the ad-
vantages of pulsed ASL (PASL) and continuous ASL (CASL); PASL is
less costly and CASL has a higher signal-to-noise ratio. Previously we
demonstrated that pCASL could show the change of rCBF in muitiple
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sclerosis in a similar way as SPECT (Ota et al,, 2013). Simultaneously, we
also evaluated structural differences between the two groups by a
three-dimensional volumetric acquisition of T1-weighted sequences
and diffusion tensor imaging (DTI).

2. Materials and methods
2.1. Subjects

The subjects were 36 patients with schizophrenia and 42 age- and
gender-matched healthy subjects. A consensus diagnosis by at least
two psychiatrists was made according to the Diagnostic and Statisti-
cal Manual of Mental Disorders, 4th ed. (DSM-1V) criteria (American
Psychiatric Association, 1994), on the basis of unstructured inter-
views and information from medical records. Twenty-one of the 36
patients were inpatients and were admitted to an acute psychiatric
ward of the National Center of Neurology and Psychiatry Hospital,
Japan. Thirty-four of the 36 patients were chronic cases, and the remain-
ing two patients were experiencing first-episode schizophrenia. The
psychopathological state of all of the schizophrenic patients was
assessed with the Positive and Negative Syndrome Scale (PANSS)
(Kay et al., 1987).

Controls were recruited from the community through local
magazine advertisements and our website announcement. These
participants were interviewed for enrollment by a research psychia-
trist using the Japanese version of the Mini-International Neuropsychi-
atric Interview (Sheehan et al,, 1998; Otsubo et al., 2005). Participants
were excluded if they had a prior medical history of central nervous
system disease or severe head injury, or if they met the criteria for
substance abuse or dependence. Those individuals who demonstrated
a history of psychiatric illness or contact with psychiatric services
were excluded from the control group. Daily doses of antipsychotics,
including depot antipsychotics, were converted to chlorpromazine
equivalents using published guidelines (American Psychiatric Associa-
tion, 1997; Inagaki et al., 1999).

After the study was explained to each participant, his or her written
informed consent was obtained for participation in the study. This study
was approved by the ethics committee of the National Center of Neurol-
ogy and Psychiatry, Japan.

2.2. MRI data acquisition and processing

Imaging was performed on a 3-tesla MR system (Philips Medical Sys-
tems, Best, The Netherlands). High spatial resolution, 3-dimensional (3D)
T1-weighted images were used for the morphometric study. 3D T1-
weighted images were acquired in the sagittal plane (repetition
time [TR]/echo time [TE], 7.18/3.46; flip angle, 10°; effective section
thickness, 0.6 mm; slab thickness, 180 mm; matrix, 384 x 384; field of
view [FOV], 261 x 261 mm; number of signals acquired, 1, yielding
300 contiguous slices through the brain.

DTI was performed in the axial plane (TR/TE, 5760/62 ms; matrix,
80 x 80; FOV, 240 x 240 mm; 60 continuous transverse slices; slice
thickness 3 mm with no interslice gap). To enhance the signal-to-
noise ratio, acquisition was performed two times. Diffusion was
measured along 15 non-collinear directions using a diffusion-
weighted factor b in each direction for 1000 s/mm2, and one image
was acquired without using any diffusion gradient. The imaging param-
eters for all of the pCASL experiments were identical: single-shot
gradient-echo echo planar imaging (EPI) in combination with parallel
imaging imaging (SENSE factor 2.0), TR = 4000 ms, TE = 12 ms,
matrix = 64 x 64, FOV = 240 x 240, voxel size = 3.75 x 3.75 mm,
20 slices acquired in ascending order, slice thickness = 7 mm, 1-mm
gap between slices, labeling duration = 1650 ms, post-spin labeling
delay = 1520 ms, time interval between consecutive slice acquisi-
tions = 32.0 ms, RF duration = 0.5 ms, pause between RF pulses =
0.5 ms, labeling pulse flip angle = 18°, bandwidth = 3.3 kHz/pixel,

echo train length = 35. Thirty-two pairs of control/label images were
acquired and averaged. The scan duration was 4 min and 24 s. For mea-
surement of the magnetization of arterial blood and also for segmenta-
tion purposes, an EPI MO image was obtained separately with the same
geometry and the same imaging parameters as the pCASL without
labeling.

2.3. Postprocessing of the ASL data

Because the pCASL and MO images were acquired separately, the
image signal intensities of both were corrected for data scaling.
Corrected data were transferred to a workstation and analyzed by
using ASLtbx software (Wang et al., 2008) running on statistical
parametric mapping 5 (SPM5). For the rCBF calculations, we added
the attenuation correction for the transversal relaxation rate of gray
matter to the original equation. Details of this process are described
elsewhere (Ota et al., 2013). The parameters used in the present study
were: longitudinal relaxation time of blood = 1664 ms (Lu et al.,
2004), labeling efficiency = 0.85 (Aslan et al., 2010), transversal relax-
ation time of gray matter (assumed to be 44.2 ms; Cavusoglu et al.,
2009), and blood/tissue water partition coefficient = 0.9 g/ml (Wang
et al,, 2005).

The mean rCBF image derived by using the ASLtbx software
contained some patchy noise, and thus we used a median filter (a non-
linear digital filtering technique). In median filtering, the neighboring
pixels are ranked according to their intensity, and the median value
becomes the new value for the central pixel. Since the slice gap
that we used was somewhat large, simple 2D median filtering
(3 voxels x 3 voxels) was used. To evaluate rCBF on a voxel-by-voxel
basis, we normalized the mean rCBF images to the standard space.
First, each individual 3D-T1 image was coregistered and resliced to its
own MO image. Next, the coregistered 3D-T1 image was normalized
to the “avg152T1” image regarded as the anatomically standard
image. Finally, the transformation matrix was applied to the mean
rCBF images treated with the median filter. The spatially normalized
images were resliced with a final voxel size of approx. 4 x 4 x 8 mm.
Each map was then spatially smoothed with a 4-mm full-width at
half-maximum Gaussian kernel in order to decrease spatial noise and
compensate for the inexactitude of normalization.

2.4. Diffeomorphic anatomical registration using an exponentiated lie
algebra (DARTEL) analysis

A preprocessing step of voxel based morphometry (VBM) in SPM
was improved with the DARTEL (diffeomorphic anatomical registration
using exponentiated lie) registration method (Ashburner, 2007). Calcu-
lations and image matrix manipulations were performed by using SPM8
working on a Matlab 7.0 (Math Works, Natick, MA, USA). The brain im-
ages were segmented, normalized, and modulated by using a set of
group-specific templates. The gray matter probability values were
then smoothed by using a 12-mm full-width at half-maximum Gaussian
kernel.

2.5. Tract-based spatial statistics (TBSS) analysis

We evaluated the fractional anisotropy (FA) images by the pro-
cessing technique known as tract-based spatial statistics (TBSS)
analysis (Smith et al., 2006). TBSS is available as part of the FSL 4.1
software package (Smith et al., 2004). TBSS projects each subject’s
aligned FA image to the FMRIB58_FA template, which is supplied with
FSL, onto the binary mask called the “skeleton image” derived from
the mean FA image limited the FA value to >0.2. This results in skeleton-
ized FA data. It is this file that is used for the voxelwise statistics.
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Table 1
Demographic and clinical characteristics of the study participants.
Healthy Schizophrenia p value
volunteers patients
Male/female 21/21 17/19 0.81
Age (year) 379+ 130 398 + 126 052
Education (year) 147 £ 25 139 4 3.2 027
Inpatient/outpatient 21/15
First-episode/second and later 2/34
Duration of illness (year) 168 + 11.3
Antipsychotic medication (mg/day)* 604.8 £+ 459.2
PANSS total 61.8 4+ 193
Positive 153 £ 56
Negative 149 4+ 62
General 31.7 + 104

PANSS; positive and negative syndrome scale.
*: Chlorpromazine equivalent.

2.6. Statistical analysis

Statistical analyses were performed by using SPM5 software. Differ-
ences in gray matter volume and rCBF between the patients and con-
trols were assessed by using the subjects’ age, gender, and education
years as nuisance variables. We evaluated the gray matter volume, con-
trolling for the whole brain volume. When the rCBF differences were an-
alyzed, we added the regional gray matter volume derived from the
individual segmented gray matter volume image as a covariate using Bi-
ological Parametric Mapping (BPM) (Casanova et al., 2007). Since the
gray matter volume values are different in various brain regions, each
voxel of the rCBF image was adjusted by gray matter volume in the
BPM analysis. Only differences that met the following criteria were
deemed significant. In this case, a seed level of p < 0.001 (uncorrected)
and a cluster level of p < 0.05 (uncorrected) were adopted. We next ex-
amined the possible correlation between rCBF and PANSS subscales of
the subjects controlling for age, gender and regional gray matter volume
by multiple regression model. The same p values shown above were
regarded as significant. Skeletonized FA data were analyzed to identify
differences between the two groups, controlling for age, gender and
education years using the FSL “Threshold-Free Cluster Enhancement
(TFCE)” option in “randomize” with 10 000 permutations (Nichols and
Holmes, 2002; Smith and Nichols, 2009). The significance level was

set at the p-value of less than 0.05 with the family-wise error (FWE)
rate correction for multiple comparisons.

3. Results

The demographic and clinical characteristics of the participants
are shown in Table 1. There was no significant difference in age,
gender, or education years between the patients with schizophrenia
and controls.

We evaluated the gray matter volume differences by performing
a DARTEL analysis. A significant gray matter volume reduction was
found in the left inferior prefrontal cortex in the patients compared
to the controls (Fig. 1). No significant increase was detected in the
patients.

We then examined the possible differences in rCBF between the
two groups by using SPM5 with regional gray matter volume, age,
gender, and education years as nuisance variables. There was a sig-
nificant rCBF reduction in the left inferior prefrontal cortex and bilat-
eral occipital cortices in the patients compared to the controls
(Fig. 2). No significant increase in rCBF was detected in any region
in the patients. Using the Wake Forest University (WFU) PickAtlas
(Maldjian et al., 2003), we then performed small volume corrections
(SVCs) for inferior frontal gyri defined by the Automated Anatomical
Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002). For this SVC
analysis, FWE-corrected voxel level threshold of p < 0.05 was applied
to account for multiple comparisons of the results (Table 2).

As for the relationships between the clinical variables and rCBF, we
could not detect any significant correlations, however we found a nom-
inal negative correlation between PANSS negative scale and rCBF in bi-
lateral superior temporal gyri, left inferior prefrontal cortex, and left
thalamus at trend level (Fig. 3).

When we examined the DTI results, we observed significant re-
ductions of FA values in the left superior temporal region, left external
capsule, and left inferior frontal region in the schizophrenia patients
compared to the controls (Fig. 4). No significant increase in FA was de-
tected in any region in the patients.

4, Discussion

To our knowledge, this is the first study of ASL-based rCBF changes in
schizophrenic patients that took the regional gray matter volume into

Fig. 1. Regional gray matter volume changes in schizophrenia. There were significant reductions of gray matter volume in the left prefrontal cortex of the patients with schizophrenia

(p < 0.001, uncorrected). L: left, R: right.
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Fig. 2. Regional cerebral blood flow (rCBF) changes in schizophrenia. There were significant reductions of rCBF in the left prefrontal cortex and bilateral occipital cortices of the patients

with schizophrenia (p < 0.001, uncorrected). L: left, R: right.

account. Using the pCASL method, we found that there were significant
rCBF reductions in the left inferior prefrontal cortex and bilateral occip-
ital cortices in patients with schizophrenia compared to the healthy
subjects. In particular, the reduced rCBF in the left inferior prefrontal
cortex accords with the structural changes observed in volumetric and
DTI analyses in schizophrenic patients.

Structural abnormalities of the frontal cortex in schizophrenic pa-
tients have been suggested by many studies of MR volumetric images
(reviewed in Honea et al, 2005; Glahn et al., 2008) and DTI
(reviewed in Ellison-Wright and Bullmore, 2009). Altered function
in the frontal cortex in schizophrenia has also been reported by func-
tional MR imaging (fMRI) studies (e.g., Cannon et al., 2005; Ragland
et al., 2005) and ASL studies (Scheef et al., 2010; Pinkham et al,,
2011; Walther et al.,, 2011). In addition, other studies using SPECT
found that patients with schizophrenia have decreased rCBF, partic-
ularly in the frontal lobes and/or left hemisphere (Weinberger et al.,
1988; Andreasen et al,, 1992; Vita et al., 1995; Kanahara et al., 2009).

In the present study, we found abnormalities in the inferior prefron-
tal region of the schizophrenic patients by volumetric imaging, DTI, and
pCASL with partial volume effect correction, and these results are com-
patible with the above-mentioned previous findings. Longitudinal MRI
studies suggested a progressive loss of prefrontal gray matter in schizo-
phrenia (Sporn et al.,, 2003; Ota et al., 2009). Inferior prefrontal cortex
was associated with the performance in cognitive switching by the
MRI volume study (Ohtani et al.,, 2014). A volume and functional MRI
study also supported that deficits in default mode network deactivation
explained by the left inferior frontal gyrus thinning are related to im-
paired executive function in schizophrenia (Pujol et al., 2013). It is
also known that the severity of schizophrenic negative symptoms is
well correlated with the hypoactivity of the inferior prefrontal region
and bilateral superior temporal regions (Pinkham et al.,, 2011), and
these detections were compatible with our results that showed a

Table 2
Differences of cerebral blood flow between schizophrenia patients and healthy volunteers
in the inferior frontal gyri.

Cluster size FWE p Z score

Inferior frontal gyri —52 44 -8 10 0.022 3.98

nominal correlation between PANSS negative scale and rCBF in bilateral
superior temporal gyri and left inferior prefrontal region. Since the ma-
jority of our patients were chronic cases, the observed brain change in
the inferior prefrontal region may have arisen due, in part, to the pro-
gressive change and symptomatological change.

ASL studies of schizophrenia revealed several rCBF changes (Horn
et al,, 2009; Scheef et al., 2010; Pinkham et al,, 2011; Walther et al.,
2011). As shown in Table 3, the results of these studies differ sub-
stantially. For the frontal cortex, however, three of these four studies
reported reduced rCBF, which is compatible with our results. We
found rCBF reduction in bilateral occipital cortices of the individuals
with schizophrenia, which is consistent with the study by Pinkham
et al. (2011) in medicated schizophrenic patients and the study by
Scheef et al. (2010) in drug-free subjects. Several studies obtained
evidence of deficits of schizophrenia in visual processing, using elec-
troencephalography (EEG) (Butler et al., 2001, 2005; Doniger et al.,
2002), and other studies documented the abnormal EEG activities
in the occipital lobe of patients with schizophrenia (Spencer et al.,
2003, 2004). Neuroimaging studies of schizophrenia also revealed the
decrease of white matter integrity in occipital white matter adjacent
to the splenium of the corpus callosum that may originate in visual per-
ception area (Agartz et al., 2001; Ardekani et al., 2003; Butler et al.,
2005). Butler et al., detected the relationship between the evoked po-
tential deficits and white matter intensity in the optic radiations
(2005). Thus, it seems likely that the occipital lobe is involved in some
aspects of the pathophysiology of schizophrenia. For other brain re-
gions, previous studies pointed to reduced rCBF in temporal and parietal
regions (Vita et al,, 1995; Kanahara et al.,, 2009). The discrepancy be-
tween the previous results and ours may be attributable, at least in
part, to the different methodology used for the ASL, particularly our
study's consideration of the partial volume effect. Since this is the first
ASL study that took this effect into account, further studies are neces-
sary to draw any conclusion regarding rCBF changes in schizophrenia
beyond structural brain changes.

In conclusion, our pCASL study with partial volume effect correction
together with the volumetry and DTI data demonstrated hypoactivity in
the left prefrontal area beyond structural abnormalities in schizophre-
nia patients. There were also hypofunction areas in bilateral occipital
cortices, although the accompanying structural abnormalities were
not apparent. Further studies are warranted to delineate the rCBF




Fig. 3. Correlations between rCBF and symptomatology. There were no significant correlations between rCBF and PANSS subscales, however we found a nominal negative correlation be-
tween PANSS negative scale and rCBF in bilateral superior temporal gyri, left inferior prefrontal cortex, and left thalamus at trend level (p = 0.006).

Fig. 4. Anisotropic changes in schizophrenia. There were significant reductions of fractional anisotropy (FA) in the left superior temporal region, left external capsule, and left inferior fron-
tal region of the patients with schizophrenia (threshold-free cluster enhancement [ TFCE], p < 0.05 family-wise error [FWE]). The background image is the standard MNI152 brain template.

Green voxels represent the FA white matter skeleton.

changes in schizophrenia based on ASL. Consideration of the partial vol-
ume effect might be an important factor in evaluations of rCBF using
ASL.
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Table 3
Overview of regional cerebral blood flow changes in patients with schizophrenia using arterial spin labeling,
Study Subjects Findings Findings
patients < control patients > control
Horn et al. (2009) 13 Patients with schizophrenia and 13 None None
healthy controls
Pinkham et al. (2011) 30 Patients with schizophrenia and 24 Left frontal lobe, bilateral occipital lobes, Left putamen/superior corona
healthy controls and bilateral parietal lobes radiata and right middle temporal lobes
Scheef et al. (2010) 11 Nonmedicated patients with schizophrenia Bilateral frontal lobes, bilateral parietal lobes, Cerebellum, brainstem, and thalamus
and 25 healthy controls bilateral temporal lobes, and left cuneus
Walther et al. (2011) 11 Patients with schizophrenia and 14 Right prefrontal lobe, left temporal lobe, left None

healthy controls parahippocampal gyrus, and right thalamus.
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