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We sought to determine if altered electroencephalography (EEG) activities, such as delta band activity, in
specific brain regions are associated with psychotic symptoms. Data were obtained from 17 neuroleptic-
naive patients with schizophrenia and age- and sex-matched 17 healthy control subjects. Low Resolution
Brain Electromagnetic Tomography (LORETA) was used to generate current source density images of delta,
theta, alpha, and beta activities. Localization of the difference in EEG activity between the two groups
was assessed by voxel-by-voxel non-paired t-test of the LORETA images. Spearman’s correlation coeffi-
cient was obtained to relate LORETA values of EEG current density in brain regions showing a significant
between-group difference and psychopathology scores. Delta band activity, represented by LORETA cur-
rent density, was greater for patients in the following areas; the left inferior temporal gyrus, right middle
frontal gyrus, right superior frontal gyrus, right inferior frontal gyrus, and right parahippocampal gyrus.
LORETA values for delta band activity in the above five brain regions were negatively correlated with
negative, but not positive symptoms. The results of this study suggest the role for electrophysiological
changes in some of the brain regions, e.g. prefrontal cortex, in the manifestation of negative symptoms.
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1. Introduction

Schizophrenia is a relatively common and often debilitating
neuropsychiatric disorder that develops after puberty with preva-
lence being approximately 0.85% throughout life. Its symptoms
include positive symptoms (e.g. delusions, hallucinations, and
thought disorders), negative symptoms (e.g. affective flattening,
and poverty of speech), and cognitive deficits, such as impair-
ment of memory and attention (Crow, 1980; Sumiyoshi et al.,
2000).

Imaging studies have suggested functional deviations in vari-
ous brain areas, especially, prefrontal cortex (Cleghorn et al., 1989;
Andreasenetal., 1992, 1997; Parellada et al., 1994; Sabrietal., 1997)
in subjects with schizophrenia.

Abbreviations: EEG, electroencephalography; LORETA, Low Resolution Brain
Electromagnetic Tomography; SAPS, the Scale for the Assessment of Positive Symp-
toms; SANS, the Scales for the Assessment of Negative Symptoms.
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Although some brain imaging methods based on blood flow
or metabolism, e.g. fMRI and PET, are associated with high spa-
tial resolution, they may not appropriately differentiate functional
excitationand inhibition of neural 38 activity (Pascual-Marqui etal.,
1999).

Electroencephalography (EEG) offers information with high
time resolution which enables, for example, frequency analysis.
However, scalp distributions of EEG power of various frequency
bands are generally ambiguous (Pascual-Marqui et al., 1999), and
depend on the reference sites used. Therefore, numerical analy-
ses, such as dipole source modeling, are required to obtain precise
locations of EEG generators.

Low Resolution Brain Electromagnetic Tomography (LORETA)
(Pascual-Marqui et al, 1994; Pascual-Marqui, 1995) has been
developed to provide three-dimensional tomography of brain elec-
trical activity, which only requires simple constraints (‘smoothness
of the solution’), and predetermined knowledge about the puta-
tive number of discernible source regions is not necessary. With
this method, brain electrical data with high time resolution are
transformed into functional imaging of brain activities, since brain
electrical activity can be analyzed separately for the different EEG
frequency ranges. LORETA has also been widely used for sta-
tistical comparisons of intracranial current density distributions
between control subjects and patients with neuropsychiatric dis-
orders (Pizzagalli et al., 2001; Flor-Henry et al., 2004).

0168-0102/$ - see front matter © 2011 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

doi:10.1016/j.neures.2011.05.003

— 175 —



T. Itoh et al. / Neuroscience Research 70 (2011) 442-448 443

Table 1
Demographic data of participants.

Schizophrenia Healthy controls

(n=17) (n=17)
Females/Males 6/11 6/11
Age (years) 26.5(6.4) 26.5 (4.4)
(range, 16-38) (range, 18-39)
Education (years) 14.7 (2.1) 15.1(2.4)
Age of onset (years) 24.6 (6.6) -
Duration of illness (years) 2.00(2.1) -
SAPS 35.5(27.4) -
SANS 52.6(14.3) -

Values represent mean (SD) SAPS; Scale for the Assessment of Positive Symptoms
SANS; Scale for the Assessment of Negative Symptoms.

A recent development of imaging technique, such as LORETA
and its modified versions (e.g. SLORETA), has improved the spatial
resolution of EEG and event-related potentials by providing three-
dimensional distribution pattern of these electrophysiological
activities (Sumiyoshi et al., 2011). Using LORETA, Pascual-Marqui
et al. (1999) reported asymmetrically enhanced delta band activ-
ities in the prefrontal cortex in neuroleptic-naive, first-episode
schizophrenia. On the other hand, Mientus et al. (2002) found
an increase in delta band activity, most prominently in the
anterior cingulate gyrus and temporal lobes, in unmedicated
patients, while other frequency activities were not altered. These
results suggest that enhanced delta band activity in the prefrontal
cortex is associated with the pathophysiology of schizophre-
nia. However, there has been, to our knowledge, no study that
addressed the correlation between delta band activity and the
symptomatology of schizophrenia, e.g. positive and negative
symptoms, using three-dimensional imaging methods, such as
LORETA.

Negative symptoms of schizophrenia have been associated with
structural impairment in the prefrontal cortex, and have been
hypothesized to arise from decreased dopaminergic activity in this
brain region (Lynch, 1992). Using SPECT, Molina Rodriguez et al.
(1997) found severity of negative symptoms was negatively corre-
lated with the degree of prefrontal lesions. Also, decreased glucose
metabolism in the frontal cortex was associated with greater nega-
tive symptoms in subjects with schizophrenia (Potkin et al., 2002;
Sabri et al., 1997). These previous observations indicate a role for
prefrontal cortex in the psychopathology of schizophrenia, espe-
cially negative symptoms.

Taken together, it was hypothesized that aberrant neural activ-
ity in specific brain areas, as measured by electrophysiological
methods, would be associated with psychotic symptoms, espe-
cially negative symptoms. In this study, we sought to determine
(1) if some components of EEG, such as delta band activity,
would be increased in brain areas relevant to the pathophys-
iology of schizophrenia, e.g. prefrontal cortex, and (2) if such
electrical change would be associated with negative symptoms.
To our knowledge, this study was the first to address these
issues in neuroleptic-naive patients using the LORETA imaging
method.

2. Method
2.1. Subjects

Data were obtained from seventeen right-handed patients
(female/male =6/11) meeting DSM-IV-R criteria for schizophrenia
(APA, 1994) at Toyama University Hospital. Demographic data for
these patients are shown in Table 1. All patients were neuroleptic-
naive. Diagnosis was based on the Structured Clinical Interviews
for DSM-1V (SCID). Psychiatric and treatment history was obtained

from the patients, informants, and medical records. Subjects with
current history of substance abuse or dependence, seizure, head
injury and as any other medical condition known to interfere
with EEG were excluded from the study. Eligible patients had a
complete physical examination. Standard laboratory testing (blood
count, liver and renal function, blood sugar, total cholesterol, and
triglyceride) was normal. Clinical staff explained the nature of the
study to the subjects, the risks and benefits, and the option not
to participate in research. If the mental status of a subject was
impaired to the point where s/he could not understand the nature
of the study, its risks and benefits, or the option not to partici-
pate, the subjects was not approached to be in the research. This
protocol was approved be the Committee on Medical Ethics of
University of Toyama. After complete description of the study to
the subjects, written informed consent was obtained. Fourteen
patients were outpatients who were lightly and moderately il
without hospitalization. Three patients were in-patients. Seven-
teen age, gender, and education-matched right-handed healthy
volunteers also participated in the study as control subjects.
Demographic data for these control subjects are also shown in
Table 1.

2.2. Design and procedure

The Scale for the Assessment of Positive Symptoms (SAPS;
Andreasen, 1983b), and the Scales for the Assessment of Negative
Symptoms (SANS; Andreasen, 1983a) were assessed by an experi-
enced psychiatrist (Table 1).

Electroencephalograms (EEGs) were recorded with a 32-
channel DC-amplifier (EEG-2100 version 2.22], Nihon Kouden
Corp., Tokyo, Japan). Recordings were performed using an electro-
cap (Electro-cap Inc., Eaton, OH) in a sound-attenuated room. The
EEG was recorded with 19 electrodes located at FP1, FP2, F3, F4, F7,
F8, C3, C4, P3, P4, 01, 02, T3, T4, T5, T6, Fz, Cz, and Pz according to
the international 10-20 system. All electrodes were referenced to
the average amplitude of ear electrodes (bandwidth=0.16-120Hz,
60 Hz notch Filter). Electrode impedance was less than 10 k2. Data
were controlled with a sampling rate of 256 Hz. Recording was
conducted after eye closure for 5 min.

Off-line, the data were carefully screened for eye, muscle or
eye-movement, and technical artifacts. Twenty 1-s epochs were
available from all participants.

LORETA is a method to localize multiple distributed corti-
cal sources of bioelectric activity in the three-dimensional space
(Pascual-Marqui et al., 1994). In other words, LORETA demonstrates
the synchronously activated neuronal populations underlying EEG
activity by computing their cortical localization from the scalp
distribution of the electric field. The LORETA inverse solution is
based on existing neuroanatomical and physiological knowledge
and a mathematical constraint called the smoothness assump-
tion (Pascual-Marqui et al, 2002). The principles of LORETA
and the mathematical tools have been described in details at
http://www.uzh.ch/keyinst/NewLORETA/Software/Software.htm.

In order to mathematically mitigate the disturbing effects
of the electrically conducting layers between the cortical sur-
face and the electrodes, LORETA computes the inverse solution
within a three-shell spherical head model including scalp, skull,
and brain. The brain compartment of this model was restricted
to the cortical grey matter and hippocampus, according to the
Talairach Brain Atlas digitized at Montreal Neurological Institute
(Talairach and Tournoux, 1988). The grey matter compartment was
subdivided in 2394 voxels, which allows a spatial resolution of
7 mm. Cross-modal validation studies disclosed that LORETA and
other functional neuroimaging methods showed the same cortical
localization of dysfunction in several neuropsychiatric conditions
(Pascual-Marqui et al., 2002).
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We investigated the LORETA solution in seven frequency
bands separately: Delta (1.5-6.0Hz), theta (6.5-8.0Hz), alpha-1
(8.5-10.0Hz), alpha-2 (10.5-12.0 Hz), beta-1 (12.5-18.0 Hz), beta-
2 (18.5-21.0Hz), and beta-3 (21.5-30.0Hz) were determined
(Kubicki et al., 1979).

2.3. Statistical analyses

Group comparisons with respect to age and education were per-
formed with the unpaired t test. The localization of the differences
inactivity between the groups was assessed by voxel-by-voxel non-
paired t test of the LORETA images, based on the power of estimated
electric current density, which results in t statistic three dimen-
sional images (Mientus et al.,, 2002). In these images, cortical voxels
of statistically significant differences were identified by a nonpara-
metric approach using randomization strategy that determined the
critical probability threshold values for actually observed statis-
tic with corrections for multiple testing (Holmes et al., 1996). Test
results are presented as Figs. 1 and 2; and Table 2. Figures include
information about the direction of changes between tested groups,
either an increase (red-colored) or a decrease (blue-colored), and
provide information about the significance of changes by indicat-
ing t-values that are significant at 0.1% level. LORETA specifications
claim their corrected ¢ for P<0.05 level as significant enough for
testing 2394 voxels in one comparison (as used be other authors
(Arai et al., 2003; Flor-Henry et al., 2004), however, a lower sig-
nificance level (e.g. 5%) would have made it difficult to show the
maximum areas of activation differences (Mientus et al., 2002). For
all frequency bands, ROIs were chosen only for brain areas showing
significant group-difference in LORETA values at 0.1% level.

Spearman’s correlation coefficient was obtained to relate
LORETA current density in these ROIs vs. SAPS and SANS scores.
For this analysis, significance was set at 1% level for Bonferroni
correction.

3. Results

Group comparisons between patients with schizophrenia and
healthy control subjects revealed a significant increase in delta
band activity for patients, with a maximum difference found at the
left inferior temporal gyrus (ITG) (maximum t=4.27). A significant
increasein delta band activities were also found for the right middle
frontal gyrus (MFG) (maximum t=4.26), right inferior frontal gyrus
(IFG) (maximum t=4.16), right superior frontal gyrus (SFG) (maxi-
mum t=4.03), and right parahippocampal gyrus (PHG) {maximum
t=4.03)(Table 2, Fig. 1). Further, theta and alpha-2 frequency bands
showed a trend-level increase (Table 2, Fig. 2). There were no sig-
nificant group differences for alpha-1, beta-1, and beta-2 frequency
bands.

Next, we determined correlations between the average of
LORETA current density for delta band activity in the above 5 ROIs
vs. SAPS and SANS Total scores. LORETA values for delta band activ-
ity at these brain regions (Table 3, Fig. 3) were negatively correlated
with the SANS Total score. Specifically, the correlation for the ITG
survived even after Bonferroni correction. On the other hand, there
were no significant correlations between LORETA current density
for delta band activity and the SAPS score.

4. Discussion

Patients with schizophrenia demonstrated an increase in
LORETA values for delta band activity at several brain areas, includ-
ing those in prefrontal cortex. Moreover, the increase in delta band
activity was negatively associated with overall negative symptoms.

To our knowledge, our report is the first study which exam-
ined the correlations between specific band activity based on

three-dimensional distribution of EEG and negative symptoms
in neuroleptic-naive patients with first-episode schizophrenia.
LORETA current source images with 19 or more electrodes have
been shown to provide good estimates of the localization for acti-
vated brain regions identified with f-MRI signals (Mulert et al.,
2004; Sumiyoshi et al., 2009).

Koles et al. (2004) compared LORETA current densities from 57
male patients with schizophrenia and 65 matched control subjects.
Comparisons were made during resting conditions and during ver-
bal and spatial cognitive challenges. Results indicate that, for the
delta band, significant differences in current density occupied the
largest brain volume during the resting condition, with bilateral
frontal regions showing increased current density. For the alpha
band, the differences in current density occupied the smallest brain
volume during the cognitive condition with decreased current den-
sityin schizophrenia in the right frontal region. In the beta band, the
differences in current density occupied large brain volumes irre-
spective of cognitive state with increased current source density
for schizophrenia. Data from all of the band frequencies in the rest-
ing condition, presented in the current study, confirm most of the
previous findings with schizophrenia.

Increased delta activity in frontal regions in patients with
schizophrenia is in agreement with other quantitative EEG (QEEG)
and functional neuroimaging studies (Frith, 1997; Pascual-Marqui
etal,, 1999; Mientus et al,, 2002; Tislerova et al.,, 2008). The increase
in LORETA current density for delta band activity in the frontal
and temporolimbic-occipital cortex in subjects with schizophre-
nia may provide an electrophysiological basis for aberrant function
of frontal cortex (Ingvar et al, 1976; Guich et al., 1989), a
notion supported by neuroimaging data (Ingvar and Franzen, 1974;
Weinberger, 1987; Andreasen etal.,, 1992; Weinberger and Berman,
1996).

Tislerova et al. (2008) found an increase in the delta and theta
frequencies over the fronto-temporo-occipital cortex, particularly
in the temporolimbic structures, as well as an increase in alpha-1
and alpha-2 activities in the temporal cortex in neuroleptic-naive
patients with schizophrenia compared to healthy control subjects.
They also found an increase in beta-1 and beta-2 in the temporo-
occipital and posterior limbic structures in these patients. Mientus
etal.(2002) reported an increase in delta activity, particularly in the
anterior cingulate gyrus and left temporal lobes, in patients with
unmedicated schizophrenia. These previous findings are generally
in agreement with our observations (Table 2, Fig. 1).

The difference in delta band activity between patients and con-
trol subjects was largest at left ITG (Table 2, Fig. 1). Meisenzahl
et al. (2008) reported that patients with first-episode schizophre-
nia revealed reduction in the volume of the left ITG compared to
healthy controls. Also, grey matter volume reductions in the bilat-
eral ITG have been reported in first episode (Kuroki et al., 2006)
and chronic (Onitsuka et al., 2004) schizophrenia. Although there
is little information about the role of ITG in the psychopathology of
schizophrenia, our results reported here suggest the contribution
of this brain area to affective disturbances of the illness.

The increase in delta band activity in the prefrontal cortex (MFG,
IFG, and SFG), presented here, is consistent with the hypofrontality
(Guich et al,, 1989), which typically becomes apparent under a cog-
nitive challenge. For example, patients with schizophrenia show
deficits in working memory and executive function, as revealed,
for example, by the Wisconsin Card Sorting Test (Buchsbaum et al.,
1990; Andreasen et al., 1992; Tamminga et al., 1992; Hazlett et al.,
2000; Ragland et al., 2007). An increase in delta band activity in the
PHG and prefrontal cortex may be associated with a neural basis for
cognitive deficits of schizophrenia. In this context, PHG has been
shown to play an important role in verbal learning memory, a key
domain of cognition relevant to social outcome (Sumiyoshi et al.,
2006).
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Fig. 1. Comparison of LORETA current density for delta band activity in patients with schizophrenia against normal control subjects as revealed by statistical non-parametric
mapping (SnPM) voxel-wise LORETA comparisons for independent samples. Positive, zero, negative t-values are represented in red, white and blue, respectively. A significant
increase (P<0.001) in the LORETA current density for delta band activity for patients is shown in the left inferior temporal gyrus (ITG), right middle frontal gyrus (MFG), right
superior frontal gyrus (SFG), right inferior frontal gyrus (IFG), and right parahippocampal gyrus (PHG).
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Fig. 2. Comparison of LORETA current density for theta (left) and alpha-2 (right) band activities in patients with schizophrenia against normal control subjects as revealed
by statistical non-parametric mapping (SnPM) voxel-wise LORETA comparisons for independent samples. Positive, zero, negative t-values are represented in red, white and

blue, respectively. A trend-level increase in the LORETA current density for theta (A) and alpha-2 (B) band activities is shown.
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Table 2
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Maximum difference of EEG activity in different frequency bands between patients with schizophrenia and healthy control subjects.

Frequency band Extreme t-value P-value Extreme t-value: brain region predominantly involved
BA Region Right/Left
Delta (1.5-6.0 Hz) 437 <0.0001 20 Inferior temporal gyrus L
Theta (6.5-8.5 Hz) 2.74 0.04 8 Middle frontal gyrus R
Alpha-1 (8.5~10.0 Hz) 2.38 0.10 8 Superior frontal gyrus R
Alpha-2 (10.5-12.0 Hz) 2.94 0.05 47 Inferior frontal gyrus R
Beta-1(12.5-18.0Hz) 0.96 042 37 Parahippocampal gyrus R
Beta-2 (18.5-21.0 Hz) -1.75 0.19 34 Subcallosal gyrus R
Beta-3 (21.5-30.0 Hz) -~2.06 0.06 47 Inferior temporal gyrus R
6 Precentral gyrus L
7 Precuneus L
7 Precuneus L
29 Posterior cingulate L
Table 3
Spearman correlation coefficients between LORETA current density in discrete brain regions and SAPS and SANS Total score.
SAPS SANS
r P r P
Right superior frontal gyrus -0.20 n.s. —0.54 0.02
Right middle frontal gyrus ~0.31 n.s. -0.56 0.02
Right inferior frontal gyrus -0.13 n.s. -0.52 0.03
Right parahippocampal gyrus ~0.05 n.s. —0.50 0.04
Left inferior temporal gyrus -0.19 n.s. -0.60 0.01

Another important finding in this study was that LORETA current
density of delta activity in the left ITG was negatively corre-
lated with severity of negative symptoms. Coutin-Churchman and
Moreno (2008) reported that alcoholic patients with depressive
symptoms showed significantly lower current density of delta band
activity in the left temporal cortical areas, as well as medial tem-
poral areas, including amygdala and hippocampus, compared to
non-depressed patients. On the other hand, right frontopolar cor-
tex and superior temporal cortex of depressed subjects showed
increased delta activity. They also found that current densities in
delta band activity at left parahippocampal cortex, left midfrontal
cortex and right frontopolar cortex were negatively correlated with
the Beck Depression Inventory (BDI) score. A negative correlation
between delta power in the frontal areas and the BDI score was also
reported in a magnetoencephalographic study (Wienbruch et al.,
2003). These latter findings are in line with the results reported

here (Table 2), showing an association between enhanced delta
band activity and severity of negative symptoms, including affec-
tive disturbances.

Tislerova et al. (2008) reported that clozapine enhances LORETA
current source density for delta and theta bands activity in the
anterior cingulate cortex and medial frontal cortex in neuroleptic-
naive patients with schizophrenia. Another study (Gross et al.,
2004) reports that the greater improvement in negative symp-
toms by treatment with clozapine was associated with the larger
increase in 3.5-7.0 Hz power band activity in fronto-central areas.
Together with the link between the increased delta band activ-
ity in prefrontal cortex and fewer negative symptoms (Table 2),
the results of these previous studies suggest that an increase in
slow activity in specific brain regions may represent a compen-
satory mechanism against the pathological process intrinsic to
schizophrenia.
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Fig. 3. Correlations between LORETA current density and SANS Total score for respective ROIs in subjects with schizophrenia (see Section 3).
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Dang-Vu et al. (2008) found transient changes in brain activity
to be consistently associated with slow wave (>140 wV) and delta
wave (75-140 V) during slow wave sleep (SWS) in 14 healthy
control subjects. Significant increases in activity were related to
these waves in several cortical areas, including the inferior tem-
poral, medial prefrontal, precuneus, and posterior cingulate areas.
Compared with baseline activity, slow waves were associated with
significant activity in the parahippocampal gyrus, cerebellum, and
brainstem, whereas delta waves were related to frontal responses
(Dang-Vu et al., 2008). They concluded that SWS is not a state of
brain quiescence, but rather is an active state during which brain
activity is consistently synchronized to the slow oscillation in spe-
cific cerebral regions (Dang-Vu et al., 2008). Their results are in line
with our contention that slow waves, such as delta band activity,
may be an “active condition” which is likely to compensate for the
pathological conditions in schizophrenia.

Harmony et al. (1996) argued that an increase in delta EEG
activity during mental tasks may be related to subjects’ attention
to internal processing. Therefore, an increase of delta band activ-
ity might be related to a mechanism of reducing external input,
that is, subjects who are capable of reducing inputs might also
be able to cope better with psychosis, and have less secondary
negative symptoms. We also found a trend-level increase in theta
and alpha-2 band activities in patients with schizophrenia. Previ-
ous QEEG studies report an increase in theta activity in subjects
with schizophrenia. For example, Veiga et al. (2003) observed that
patients with chronic schizophrenia show increased deltaand theta
frequency bands activity in brain areas, such as the right mid-
dle frontal gyrus, right inferior temporal gyrus, and right insula,
as well as bilateral anterior cingulate gyrus, using LORETA. These
previous data from chronic patients and the present results from
first-episode patients indicate that increased slow activity in frontal
regions is independent of the clinical stage, and thus, intrinsic to
schizophrenia.

Some studies report an increase in the alpha power over the
frontal regions in schizophrenia (Nakagawa et al., 1991; Kahn
et al., 1993). A recent analysis of the current density distribu-
tion also showed “anteriorization” of alpha activity in first-episode
schizophrenia (Begre et al., 2003), which is in partial agreement
with the current data showing a trend-level increase in alpha-2
band activity in the patients (Table 2, Fig. 2).

A major limitation in our study is the relatively small num-
ber of subjects. This might have confounded some of the present
results, e.g. correlations between delta band activities vs. negative
symptoms.

5. Conclusion

In conclusion, LORETA analysis of three-dimensional distribu-
tion of EEG current density suggest aberrant electrophysiological
activity in some brain regions, e.g. prefrontal cortex, is associated
with negative symptoms. Increased delta band activity, related to
fewer negative symptoms, may represent a response to the patho-
logical process intrinsic to schizophrenia.
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o This study addresses the need for an objective assessment tool evaluating prefrontal function and social
outcome non-invasively in the clinical setting.

 Such a tool would be valuable for studies of the pathophysiology of schizophrenia and in the evaluation
of patients with schizophrenia.

o Multichannel near-infrared spectroscopy is a non-invasive and user-friendly instrument, and may be
useful in evaluating cognitive function and social outcome in clinical settings in psychiatry.

ABSTRACT

Objectives: Schizophrenia involves impairment in attention, working memory and executive processes

associated with prefrontal cortical function, an essential contributor of social functioning. Age at onset

is a major factor for predicting social outcome in schizophrenia. In clinical settings, we need an objective

assessment tool for evaluating prefrontal function and social outcome.

Methods: Participants included 22 right-handed patients with schizophrenia and 40 gender- and age-

matched healthy controls. We used a 52-channel near-infrared spectroscopy (NIRS) instrument to mea-

sure oxygenated haemoglobin ([oxy-Hb]) changes over the prefrontal cortex during a random number

generation (RNG) task.

Results: In healthy controls, we found significant [oxy-Hb] increase in the bilateral dorsolateral (DLPFC;

BA9 and BA46) and ventrolateral prefrontal cortex (VLPFC; BA44, 45 and 47). The patients with schizo-

phrenia showed significantly smaller activation than the healthy controls in the same approximate

regions. In the patient group, a smaller [oxy-Hb] increase in the right DLPFC region (BA9) was signifi-

cantly correlated with earlier age at onset.

Conclusions: NIRS can detect prefrontal cortical dysfunction associated with an executive task, which was

coupled with earlier age at onset in schizophrenia.

Significance: Multichannel NIRS, a non-invasive and user-friendly instrument, may be useful in evaluat-

ing cognitive function and social outcome in clinical settings in psychiatry.

© 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

schizophrenia in adolescents (Brewer et al., 2005; Hafner, 2000;
McGlashan et al., 2006; McGorry et al., 2002). However, it has been

Age at onset of schizophrenia is assumed to be one of the major
risk factors that worsen symptoms and cognitions, and conse-
quently influences occupational and social deficits (Eggers and
Bunk, 1997; Hafner, 2000). In recent years, therefore, some re-
search groups have tried to delay and finally prevent the onset of

* Corresponding author. Address: Department of Neuropsychiatry, Graduate
School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan. Tel.: +81 3 5800 9263; fax: +81 3 5800 6894.

E-mail address: skoike-tky@umin.ac.jp (S. Koike).

difficult to predict the onset of schizophrenia with clinical assess-
ment, and neuropsychological or neuroimaging tools that could be
easily applied in a practical clinical setting have never been
developed.

The random number generation (RNG) task is one of neuropsy-
chological tasks used to assess functional abnormalities in the
frontotemporal cortex, which requires participants to generate
random digits at equal intervals. The RNG task requires the ability
not only to inhibit competing or habitual responses, but also re-
quires attention, working memory and executive processes, all of

1388-2457/$36.00 © 2011 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2010.12.056
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which are related to prefrontal cortical functions (Baddeley and
Wilson, 1988; Ginsburg and Karpiuk, 1994). The RNG task requires
less specificity for a certain function than other neurocognitive
tasks, such as n-back task for working memory, but rather requires
coordinating these functions related in a major way to the prefron-
tal cortex (PFC). Furthermore, the RNG task can measure prefrontal
dysfunction easily in clinical settings. Patients with schizophrenia
showed lower performance than controls (Hoshi et al., 2006; Peters
et al., 2007; Shinba et al., 2004), but showed performance similar
to patients with other frontal dysfunctions, such as Alzheimer’s
disease (Brugger et al., 1996), and frontal injuries (Spatt and
Goldenberg, 1993).

A functional neuroimaging study using positron emission
tomography (PET) showed that healthy participants had increased
activation in the right inferior frontal cortex, the left dorsolateral
prefrontal cortex (DLPFC) and the bilateral cerebellum during the
RNG task (Jahanshahi et al., 2000). A functional magnetic reso-
nance imaging (fMRI) study also showed that healthy participants
had increased activation bilaterally in the DLPFC, the lateral pre-
motor cortex, the anterior cingulate, the inferior and superior pari-
etal cortex and in the cerebellar hemispheres (Daniels et al., 2003).

A near-infrared spectroscopy (NIRS) technique can measure the
signals that reflect haemodynamic oxygenated haemoglobin ([oxy-
Hb]) and deoxygenated haemoglobin ([deoxy-Hb]) changes in the
cerebral cortex, while functional brain imaging methodologies
such as fMRI and PET instruments are limited because of their large
apparatuses, which prevent their use at a bedside setting for diag-
nostic and treatment purposes. The advantages of NIRS are its non-
invasiveness, easy set-up, minimal constraint, rather small
machinery and quietness. In addition, NIRS instruments with mul-
tichannels can evaluate the spatio-temporal characteristics of cor-
tical function, and have considerable replicability of signal changes
over the PFC in repetitive measurements (Kakimoto et al., 2009;
Kono et al., 2007). Accordingly, NIRS has been used to assess brain
functions in many psychiatric disorders, including schizophrenia
(Fallgatter and Strik, 2000; Hoshi et al., 2006; Lee et al., 2008;
Shinba et al, 2004; Suto et al, 2004; Takizawa et al., 2008,
2009), bipolar disorder (Matsuo et al., 2007), depression (Matsuo
et al., 2005), post-traumatic stress disorder (Matsuo et al., 2003),
panic disorder (Nishimura et al., 2007) and pervasive developmen-
tal disorders (Kuwabara et al., 2006). Even though it has also been
indicated that patients with schizophrenia had reduced activation
in the PFC using a two-channel NIRS instrument during the RNG
task (Hoshi et al., 2006; Shinba et al., 2004), these studies had
difficulty in detecting differential spatio-temporal characteristics.
Our multichannel NIRS study showed reduced activations of the
frontopolar region, rather than other prefrontal regions, and
showed significant positive correlations with lower global assess-
ment of functioning (GAF) scores in the schizophrenia group
(Takizawa et al., 2008). Therefore, multichannel NIRS instruments
could be useful in evaluating the spatio-temporal activation
patterns in the prefrontal sub-regions.

In this study, we measured the change in prefrontal activation
during the RNG task in patients with schizophrenia and healthy
controls by using a 52 multichannel NIRS instrument with a wide
coverage over the prefrontal cortical surface area. Furthermore, we
sought to explore the relationship between haemodynamic pre-
frontal responses and age at onset in patients with schizophrenia.

2. Methods
2.1. Participants

Participants included 22 patients with schizophrenia and 40
gender- and age-matched healthy controls. All participants were

Table 1
Demographic characteristics and performance of random number generation task in
patients with schizophrenia (SZ) and healthy controls (HC).

HC (n=40) SZ (n=22) p-Value
Mean  SD Mean SD
Male 20 N.A. 11 N.A. 1.0
Age (years) 36.8 15.3 41.0 116 0.238
Education (year) 153 1.6 145 2.8 0.200
Participant’s SES* 2.0 0.6 3.6 1.1 <0.001
PANSS scores”
Positive N.A. N.A. 16.3 42 N.A.
Negative N.A, N.A. 23.0 6.3 N.A.
General N.A. N.A. 38.8 7.6 N.A.
GAF* N.A. N.A. 46.7 11.9 N.A.
Age at onset (years) NA. N.A. 263 8.8 NA.
DUP (weeks)¢ N.A. N.A. 445 49.2 N.A.
DOI (years)® NA. N.A. 14.7 8.8 N.A.
Chlorpromazine eq. (mg) N.A. N.A. 809 674 N.A.
Diazepam eq. (mg) NA. N.A. 105 131 N.A.
Biperiden eq. (mg) N.A. N.A. 4.1 2.1 N.A.
RNG index 0.112  0.034 0.194 0.184  0.0497

N.A, not applicable.

SES, socioeconomic status.

PANSS, Positive and Negative Syndrome Scale.
GAF, the global assessment of functioning.
DUP, duration of untreated psychosis.

a
b
<
d
¢ DO, duration of illness.

right handed (>70 in the Edinburgh handedness scale (Oldfield,
1971)). They gave written informed consent to the ethical commit-
tee of the Faculty of Medicine, University of Tokyo (approval num-
ber 630-5), according to the Declaration of Helsinki, after a
complete explanation of this study. The patients with schizophre-
nia were recruited among outpatients and inpatients at the Univer-
sity of Tokyo Hospital. One experienced psychiatrist, KK,
diagnosed with the Structured Clinical Interview for DSM-IV Axis
I Disorders (First et al., 2003). The exclusion criteria for both groups
were neurological illness, traumatic brain injury with any known
cognitive consequences or loss of consciousness for more than
5 min, a history of electroconvulsive therapy, low premorbid Intel-
ligence Quotient (IQ) (below 70) and previous alcohol/substance
abuse or addiction. The exclusion criterion for the control group
was a previous psychiatric disorder in themselves or a family his-
tory of psychotic disorders in their first-degree relatives. To rule
out psychiatric disorders in healthy controls, we used the modified
Mini-International Neuropsychiatric Interview for all control par-
ticipants (Otsubo et al., 2005).

On the same day as the NIRS measurement, all participants
were assessed using the GAF (American Psychiatric Association,
1994) and the socioeconomic status (SES) and parental SES using
the Hollingshead scale (Hollingshead, 1965) (Table 1). In the pa-
tients with schizophrenia, we evaluated their psychiatric symp-
toms by using the Positive and Negative Syndrome Scale (PANSS)
(Kay et al,, 1987). To verify the age at onset of schizophrenia, we
interviewed the patients and one of their family members in detail
to obtain a history of their symptoms around their initial psychotic
periods, and retrospectively estimated the age at onset in accor-
dance with Addington et al. (2004). The onset of schizophrenia is
defined by the presence of first positive symptoms (hallucinations,
delusions or thought disorder) rated as above 4 on the PANSS and
lasting throughout the day for several days or several times a week,
not being limited to a few brief moments (Addington et al., 2004).
At the time of the experiment, all patients received antipsychotics
and/or anxiolytics and/or antiparkinsonian agents; therefore, we
assessed their dose of medication and calculated equivalent
doses of chlorpromazine, diazepam and biperiden, respectively
(American Psychiatric Association, 1997).
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Fig. 1. The probe setting and measurement points of 52-channel near-infrared spectroscopy (NIRS). (A) The probes with thermoplastic 3 x 11 shells were placed over a
subject’s bilateral frontal regions. (B-D) The 52 measuring positions of the NIRS machine are superimposed on a 3D-reconstructed cerebral cortical surface from the Montreal
Neurological Institute (MNI) Colin27 average MRI image (B, frontal view; C, right anterior oblique view; D, left anterior oblique view). The channel numbers are indicated

above the measuring points.

2.2. RNG task

We divided the RNG task into three periods; counting, activa-
tion and post-activation periods. During the 60-s activation period,
we instructed the participants to generate and call out random dig-
its from 1 to 9 by using 1-Hz pacing, and noted their generated
numbers correctly. During the 30-s counting and 70-s post-activa-
tion periods, they were asked to repeat aloud a sequence of digits
from 1 to 9, guided by 1-Hz pacing. The pacing rate (every 1 s) was
controlled with a metronome sound throughout the task. All par-
ticipants performed a short training version of this task at least
twice and then performed the RNG task. In this study, we defined
‘valid response’ as saying a correct digit aloud along with the met-
ronome sound, and adopted those participants who could achieve
a greater than 90% valid response during the activation period.

We calculated the RNG index for analysing their performance in
generating random numbers (Evans, 1978) because the RNG index
has a high test-retest stability and has been preferentially used in
previous studies in schizophrenia. The RNG index measures the
difference between expected and observed probabilities of pairs
of consecutive digits. For example, if a participant selects more
specific patterns (mostly ‘3’ following ‘7’), the number of pairs of
consecutive digits (the pair ‘37’) increases so that the difference be-
tween ideal and actual frequencies of the pairs becomes wider.
Ideal randomness is measured as 0 and pure non-randomness
would be 1 in the RNG index (Evans, 1978).

2.3. NIRS measurement

We used a 52-channel NIRS instrument (ETG-4000, Hitachi
Medical Co.). The participants only needed to sit in a chair in a re-
laxed state with their eyes open, and cap the thermoplastic attach-
ment of the NIRS probes on their head. To minimise motion
artefacts, we instructed them to avoid physical motions, such as

head movement and strong biting, during the measurement. The
NIRS probe attachment was a thermoplastic 3 « 11 shell and set
with 52 fixed channels (Fig. 1). The lowest probe line was
set along the Fp1-Fp2 line defined by the international 10-20 sys-
tem used in electroencephalography. The 52 measuring areas are
labelled ch1-ch52 from the right posterior to the left anterior. This
arrangement of probes can measure [Hb] from the bilateral pre-
frontal (approximately dorsolateral (Brodmann’s area (BA) 9, 46),
ventrolateral (BA 44, 45 and 47), and frontopolar (BA 10)) and
superior temporal cortical surface regions (Fig. 1).

The theoretical methodology of haemoglobin concentration
measurement using NIRS instruments has been described in details
elsewhere (Takizawa et al., 2008), but is briefly described as fol-
lows. The NIRS instrument measures relative changes in [oxy-Hb]
and [deoxy-Hb] using two wavelengths (695 and 830 nm) of infra-
red light, based on the Beer-Lambert law (Watanabe et al., 1996;
Yamashita et al., 1996). In this continuous-wave NIRS system, the
[Hb] values include a differential path-length factor (DPF). The dis-
tance between pairs of source-detector probes was set at 3.0 cm,
and we defined each measurement area between pairs of source-
detector probes as one ‘channel’. It is assumed that an NIRS system,
in which the source-detector spacing is 3.0 cm, measures points at
a 2-3 cm depth from the scalp, that is, the surface of the cerebral
cortex (Okada and Delpy, 2003).

We set the time resolution of NIRS signals at 0.1 s. Because the
NIRS signal was sometimes unstable at the start of the measure-
ment due to technical issues and/or some effects of participant’s
tense state and thoughts before starting the task, the pre-task
baseline was determined as the mean across the last 10 s of the
pre-task period and the post-task baseline was determined as the
mean across the last 5 s of the post-task period, and a linear fitting
was performed on the basis of the data between the two baselines
(Fig. 2). Moving average methods were applied to remove short-
term motion artefacts in the analysed data (moving average win-
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Fig. 2. Grand average waveforms of NIRS signals in patients with schizophrenia and healthy controls during the RNG task. The 52 measuring areas were labelled ch1-ch52
from right-superior to left-inferior sides. This arrangement of the probes can measure haemoglobin concentration changes from the bilateral prefrontal (approximately
dorsolateral [Brodmann'’s area (BA) 9, 46], ventrolateral [BA 44, 45, 47], and frontopolar [BA 10}), and superior temporal cortical surface regions. Oxygenated haemoglobin
changes in healthy controls and the patients with schizophrenia during the RNG task were represented as grand average waveforms in 52 channels with red and green lines,
respectively. As we got relative waveforms related to task induced activation, we determined pre-task baseline as the mean across last 10 s of the pre-task period and post-
task baseline as the mean across last 5 s of the post-task period, and we performed linear fitting on the basis of data between the two baselines. Task period showed between
vertical dash lines in boxes, and also indicated a black bar. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

dow: 5s). Grand mean waveforms averaged across subjects were
created separately for each type of [Hb] and for each group. Even
when we used these artefact rejection methods, the visible artefact
waveforms remained. Thus, we used a computer program, which
rejected a channel when there was a visible artefact waveform
(Takizawa et al., 2008, 2009). The valid channels varied among
participants (schizophrenia: number of channels =33-52 (mean,
44.7; SD, 10.2); healthy subjects: n=28-52 (mean, 48.1; SD, 5.1);
percentage: schizophrenia, 85.9%; healthy controls, 92.5%, n.s.).

2.4. Statistical analysis

All analyses were performed using Statistical Package for Social
Sciences (SPSS) 10.1J (SPSS Inc., Chicago, USA). The recorded
haemoglobin data from the counting and activation periods were
averaged for each period. In this study, we focussed on [oxy-Hb]
because [oxy-Hb] changes can reflect more direct cortical activa-
tion than [deoxy-Hb] (Kennan et al., 2002), and is well correlated
with Blood-oxygen-level dependence (BOLD) signals of fMRI (Lee
et al., 2008; Strangman et al., 2002).

First, for every channel in each group, we compared the mean
[oxy-Hb] changes from pre-task baseline to activation period using
paired Student’s t-test. As we performed 52 paired t-tests, we
adopted the false discovery rate (FDR) correction method for cor-
recting the multiple comparisons (two-tailed; we set the value
specifying the maximum FDR to 0.05 so that there were no more
than 5% false positives on average) (Singh and Dan, 2006). Then,
we calculated the effect size (Cohen's d) of the mean [oxy-Hb]
changes during the activation period in every channel, for inter-
channel comparison to validate the differences among prefrontal
cortical sub-regions (Cohen, 1988). Second, we compared the dif-
ferences and effect size between the patients with schizophrenia
and healthy controls during the activation period using Student’s
t-test (FDR correction method). Finally, we measured the correla-
tion coefficient between the age at onset and [oxy-Hb] changes
by Spearman’s rank correlation coefficient. We set a significant p
level to 0.05.
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| Large (0.8 =2d<1.0)
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Small  (0.2=d<0.5)

Fig. 3. Topographical 3D mapping of the effect size of [oxy-Hb] changes during the
activation period relative to a baseline in control subjects, (left) and patients with
schizophrenia (right).

3. Results

RNG task performance (RNG index) was significantly lower in
patients with schizophrenia than in healthy controls (p = 0.0497;
Table 1).

3.1. [oxy-Hb] changes from counting period to RNG activation period
(Fig. 2)

In healthy controls, we found a significant [oxy-Hb] increase in
response to performing the RNG task at 44 channels (ch3, 7-8, 10~
15, 17-40, 42-50; FDR-corrected p=0.001-0.038, Fig. 3, left),
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Fig. 4. Topographical 3D mapping of p values from the difference between [oxy-Hb]
changes in control and schizophrenia groups. Significant differences are indicated
with dark red dots. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

which confirmed significant cognitive activation during the RNG
task. The interchannel comparison between counting and activa-
tion periods showed the large effect size at 31 channels (ch13-
15, 17-19, 21-22, 24-25, 28-32, 34-40, 42, 44-51; d's >0.38,
Fig. 3, left), and these channels were located bilaterally in the lat-
eral side of prefrontal regions, compared with those in the fronto-
polar PFC region. These regions approximately corresponded to the
bilateral dorsolateral (DLPFC; BA9 and BA46) and the bilateral ven-
trolateral prefrontal cortex (VLPFC; BA44, 45, 47). On the other
hand, we did not find any significant activation channel in patients
with schizophrenia, except for one channel of activation trend
(ch49; uncorrected p = 0.021, Fig. 3, right).

3.2. Comparison between groups during activation period

The patients with schizophrenia showed significantly smaller
activation than the healthy controls during the activation period
at 35 channels (ch7, 10-11, 13-15, 17-19, 21, 23-26, 28-40, 43-
46, 48-51; FDR-corrected p = 0.001-0.029, Fig. 4). The interchannel
comparisons of the differences between groups showed large effect
size at 23 channels (ch13, 15, 17-19, 21, 24, 28-30, 32, 34-36, 38~
40, 44-46, 48-50; d’s >0.8), which were approximately located in
the bilateral DLPFC and VLPFC regions.

3.3. RNG performance comparison and performance-matched analysis

RNG index was significantly lower in patients with schizophre-
nia than in healthy controls (p = 0.0497; Table 1). Therefore, in a
confirmatory analysis, we intended to detect specific haemoglobin
changes regardless of the cognitive performances. As we matched
RNG task performance between the two groups, we performed a
confirmatory analysis in 18 patients with schizophrenia and 33
healthy controls (Schizophrenia: mean RNG index=0.131
(SD =0.032); controls: mean=0.124 (SD=0.027); p=0.42). The
demographic characteristics between the groups remained to be
matched for age and gender. In the same manner as the original
analysis, the patients with schizophrenia showed significantly re-
duced activation compared with the healthy controls during the
activation period at 32 channels (ch7, 11, 13-15, 17-19, 21-26,
28-29, 32-40, 43-48, 50-51; FDR-corrected p = 0.001-0.020).

3.4. Correlation coefficients between NIRS signal changes and onset
age

In patients with schizophrenia, four channels in the right DLPFC
regions (BA9) showed a significantly positive correlation coeffi-
cient with age at onset (ch5: p=0.607, p=0.003; chi5:
p =0.584, p=0.005; ch26: p=0.544, p=0.013; ch36: p=0.522,
p=0.015; Fig. 5), that is, the patients with an earlier onset had
smaller [oxy-Hb] changes in the right DLPFC. Their ages at onset
were not correlated with any other demographic or clinical vari-
ables (age, education, RNG index, any PANSS subscores, GAF score,
duration of illness, duration of untreated psychosis and dose of
medication). In a confirmatory analysis, even when we divided
the schizophrenia group into two subgroups on the basis of median
age at onset (median age at onset = 26.0 years; early onset: n = 10,
mean age at onset = 19.0 years, SD = 3.3; late onset: n =12, mean
age at onset = 32.3 years, SD = 7.2), two out of four channels were
still significantly different (Ch 15, p = 0.004; Ch26, p = 0.00052).

4. Discussion

In this study, we investigated haemodynamic changes over PFC
during the RNG task using a multichannel NIRS instrument in
healthy controls and patients with schizophrenia. Our results
showed that bilateral DLPFC and VLPFC activation in healthy con-
trols significantly increased during the RNG task, but did not in-
crease in patients with schizophrenia, even when task
performances were matched between groups. Furthermore, the
present study showed a significant positive correlation between
the age at onset of schizophrenia and their [oxy-Hb] increase in
the right DLPFC region (BA 9). In other words, the right DLPFC acti-
vations in patients with schizophrenia were poorer when the age
at onset was earlier.

4.1. [oxy-Hb] changes due to RNG task

To replicate the previous two-channel NIRS findings, we con-
firmed a significant [oxy-Hb] increase over the wide area of the
PFC in healthy controls associated with the RNG task. In particular,
we observed large effect sizes in the bilateral DLPFC and VLPFC re-
gions, suggesting that DLPFC and VLPFC function, rather than other
prefrontal cortical function was preferentially recruited when gen-
erating random numbers. A previous PET study showed increased
activity in the left DLPFC and right inferior frontal cortex
(Jahanshahi et al., 2000), and an fMRI study showed increased acti-
vation in the bilateral DLPFC in healthy controls during the RNG
task (Daniels et al., 2003). It was also implicated in an event-re-
lated potential study where the negative component related to
random number generation resulted in a maximurmn negative peak
over the left DLPFC region using a low-resolution brain electro-
magnetic tomography (LORETA) analysis (Joppich et al., 2004).
Generating random numbers at a certain time interval demands
highly executive processes, attention shifting and inhibition of
repetitive attitudes; these functions were mostly related to part
of the central executive component included in a working memory
model (Artiges et al., 2000; Baddeley and Wilson, 1988; Jahanshahi
et al., 2000). Our results support the theory that DLPFC is a major
component of the working memory system, and that an NIRS
instrument can measure haemodynamic activities in the DLPFC re-
lated to the use of working memory.

Our results also showed increased activation in the bilateral
VLPFC regions. It has been assumed that VLPFC is also involved
in the working memory system (Christ et al., 2009; Dolcos et al,,
2007). A previous fMRI study using n-back tasks showed that
VLPFC activation, in addition to the DLPFC regions, was increased

— 186 —



1538

S. Koike et al./Clinical Neurophysiology 122 (2011) 1533-1540

B

o
w

o
[

o
i

p=607
p=.003

[oxy-Hb] at ch5 during task (mM-mm)
o

-0.3 T T |

10 20 30 40 50
age at onset (year)

Fig. 5. Relationship between [oxy-Hb] change and age at onset of schizophrenia. (A) The channels which showed significant correlation (p <0.05) are indicated in red. (B)
Scatter diagram at ch5 (Spearman’s rank correlation coefficient; p = 0.607, p = 0.003). X axis shows ages at onset of schizophrenia and Y axis shows [oxy-Hb] changes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

when the participants underwent tasks that demand the mainte-
nance of working memory (Schneider et al., 2007). Therefore, the
bilateral VLPFC activation in this study might reflect the need for
executive control, inhibition and maintenance of working memory
in generating random numbers.

4.2. Group comparison during the RNG task

This study showed that the patients with schizophrenia had sig-
nificantly smaller activation than the healthy controls over the
wide prefrontal cortical regions (35 out of 52 channels), especially
in the bilateral DLPFC and VLPFC regions (Fig. 4). Previous two-
channel NIRS studies showed significantly reduced [oxy-Hb]
changes of the bilateral prefrontal regions during the RNG task in
patients with schizophrenia (Hoshi et al., 2006; Shinba et al.,
2004). Our multichannel NIRS results replicated the reduced pre-
frontal activation shown by these two-channel studies and further
confirmed the spatial characteristics of prefrontal abnormality in
schizophrenia. This reduced activation in schizophrenia may in-
volve decreased capacity of working memory. Recent fMRI studies
using working memory tasks have shown that there is an inverted
U-curve relationship between DLPFC activation and task difficulty,
that is, the activation increased as the task became more difficult
up to a certain level, but it decreased when the task level was be-
yond the capacity of the working memory (Manoach, 2003). An
fMRI study in non-psychiatric participants using an RNG task
showed that the left DLPFC activation reduced and the right DLPFC
activation was absent when the task became difficult (from 1-Hz to
faster 2-Hz pacing) (Daniels et al., 2003). In a PET study, healthy
volunteers had increased activations in the bilateral DLPFC during
slower rate of an RNG task such as 0.5-Hz pacing, and the activa-
tion decreased when the pace of response was faster, such as
1-Hz and 2-Hz pacing (Jahanshahi et al., 2000). Furthermore, the
task demanded a larger working memory load on patients with
schizophrenia than on healthy controls during the same task.
Therefore, when comparing the DLPFC activation between patients
with schizophrenia and healthy controls, patients with schizophre-
nia show a relatively larger activation than healthy controls for
easy tasks, while showing smaller activation in more difficult tasks
(Manoach, 2003). These results suggest that the RNG task using 10

digits and 1-Hz pacing in the present study appeared to be rela-
tively more demanding, even for healthy participants than other
working memory tasks, such as Stroop or Sternberg tasks (Daniels
et al., 2003). Therefore, our result was in line with previous studies
that showed that RNG task with 1-Hz pacing required much work-
ing memory load in the healthy controls and resulted in decreased
activation in the patients with schizophrenia assuming over their
working memory capacity.

4.3. Relationship between oxy-Hb concentration and task performance

The present study showed that the RNG performance in pa-
tients with schizophrenia was significantly, although marginally,
worse than that of healthy controls, which replicates previous neu-
ropsychological studies (Hoshi et al,, 2006; Peters et al., 2007;
Shinba et al., 2004). Furthermore, the prefrontal activity (32 out
of 52 channels) in the patients with schizophrenia was still signif-
icantly reduced compared with healthy controls even when RNG
performance was matched. These results suggest that the subtle
prefrontal functional abnormality in schizophrenia can be sensi-
tively detected with NIRS, regardless of task performance.

This study did not show any correlation between [oxy-Hb]
changes and task performance, while some neuroimaging studies
using an RNG task showed a relationship between PFC activation
and task performance (Jahanshahi et al., 2000; Shinba et al,
2004). A previous two-channel NIRS study showed that the [oxy-
Hb] changes of bilateral frontal regions in healthy controls were
positively correlated with task performance during ‘written’ RNG
tasks, but not during ‘oral’ RNG tasks (Shinba et al., 2004). It has
been also shown that activations in the left DLPFC region were pos-
itively correlated with task performance in a PET study (Jahanshahi
et al,, 2000). These studies had a rather small number of partici-
pants (13 patients and six healthy controls, respectively), and
adopted task procedures and indices of calculating randomness
different from our study. Our results limited the high-performance
participants who could perform better than 90% accuracy during
activation period, which might also have affected the discrepant
results. Therefore, the relationship between prefrontal haemody-
namic response and task performance during RNG tasks remains
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controversial, and further studies using a more sophisticated de-
sign and a larger sample may be needed to clarify this point.

4.4. Relationship between age at onset and oxy-Hb concentration
changes

The present study using multichannel NIRS showed a signifi-
cant positive correlation between the age at onset and the [oxy-
Hb] changes in four channels (ch5, 16, 26 and 36) located mainly
over the right DLPFC region (BA9), regardless of gender, symptom
severity, duration of illness or duration of untreated psychosis.
Some long-term follow-up studies have suggested that patients
with early-onset schizophrenia were associated with severe
symptoms and poorer social outcomes (Eggers and Bunk, 1997;
Hafner, 2000). A previous neuropsychological study using a verbal
learning task showed that subjects with early-onset schizophre-
nia had worse performance in memory retrieval (Paulsen et al,,
1995). Our results indicated more severe DLPFC dysfunction in
earlier-onset schizophrenia using functional neuroimaging instru-
ments, which was in accordance with structural MRI studies that
showed the relationship between early age at onset and whole-
brain-volume reduction (Matsumoto et al., 2001), and severe pre-
frontal volume loss in early-onset schizophrenia (Thompson et al.,
2001).

Trying to delay the onset of schizophrenia is an interesting topic
in recent early detection and intervention studies (McGlashan
et al., 2006; McGorry et al., 2002). Evidence suggests that prefron-
tal deficits, including working memory and executive process, ex-
isted before schizophrenia onset (Brewer et al., 2005), and
delaying and reducing psychosis onset may be possible, though
to a limited extent, by using low-dose antipsychotics and/or cogni-
tive behavioural therapy (McGlashan et al.,, 2006; McGorry et al.,
2002). In our next step, we will test whether NIRS instruments
may be useful in objectively and easily evaluating the prefrontal
dysfunction, selecting the type of intervention and predicting
treatment outcome at the ultra-high-risk stage for developing
psychosis.

4.5. Limitation

There are some methodological considerations in this study.
First, multichannel NIRS has limited spatial resolution compared
with fMRI and PET. However, a recent MRI and NIRS combination
study, which used a method for the probabilistic registration of
NIRS data onto Montreal Neurological Institute (MNI) coordinate
space, suggested the errors of spatial estimation, expressed as stan-
dard deviations, were approximately 10 mm (Okamoto and Dan,
2005; Tsuzuki et al,, 2007). These suggest that multichannel NIRS
could roughly detect sub-region-specific activation in the prefron-
tal cortex. Second, although we did not find any relationships be-
tween [oxy-Hb] and duration of illness and medication dosages
in the patients with schizophrenia, they were chronic and medi-
cated. Thus, to fully rule out their effects, future studies should
evaluate first-episode and/or drug-naive patients with schizophre-
nia. Longitudinal assessment of these patients will also overcome
the limitation of retrospective assessment of age at onset in this
study.

5. Conclusion

In conclusion, our study using multichannel NIRS suggested
DLPFC and VLPFC abnormality in patients with schizophrenia dur-
ing the RNG task. Furthermore, the present study indicated that the
severe disturbances of DLPFC functions are correlated with earlier
age at onset in schizophrenia. Thus, multichannel NIRS, a non-inva-

sive and easy-to-use instrument, may be useful in evaluating and
predicting cognitive function and social outcome in schizophrenia
in clinical settings.
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ARTICLE INFO ABSTRACT

Objective: The ATP-binding cassette transporter A1 (ABCA1) mediates cellular cholesterol efflux through the
transfer of cholesterol from the inner to the outer layer of the cell membrane and regulates extracellular
cholesterol levels in the central nervous system. Several lines of evidence have indicated lipid and myelin
abnormalities in schizophrenia.

Method: Initially, we examined the possible association of the polymorphisms of the ABCA1 gene (ABCAT) with
susceptibility to schizophrenia in 506 patients with schizophrenia (DSM-IV) and 941 controls. The observed
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A.ef{lv lfi; ding cassette transporter Al association was then subject to a replication analysis in an independent sample of 511 patients and 539 controls.
polymorphfsm We further examined the possible effect of the risk allele on gray matter volume assessed with magnetic

resonance imaging (MRI) in 86 patients with schizophrenia (49 males) and 139 healthy controls (47 males).
Results: In the initial association study, the 1587 K allele (rs2230808) was significantly more common in male
patients with schizophrenia than in male controls. Although such a significant difference was not observed in the
second sample alone, the increased frequency of the 1587 K allele in male patients remained to be significant in
the combined male sample of 556 patients and 594 controls. Male schizophrenia patients carrying the 1587 K
allele had a smaller amount of gray matter volume than those who did not carry the allele.

Conclusion: Our data suggest a male-specific association of the 1587 K allele of ABCAT with susceptibility to
schizophrenia and smaller gray matter volume in schizophrenia.

Schizophrenia
Voxel based morphometry

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The ATP-binding cassette transporter A1 (ABCA1) mediates cellular
cholesterol efflux through transfer of cholesterol from the inner to the
outer layer of the cell membrane, enabling the binding of cholesterol to

Abbreviations: ABCA1, ATP-binding cassette transporter A1l; ANCOVA, analysis of
covariance; ANOVA, analysis of variance; CNS, central nervous system; DNA,
deoxyribonucleic acid; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders,
4th edition; FDR, false discovery rate; FWE, familywise error rate; GWAS, genome-wide
association study; HDL, high-density lipoprotein; HWE, Hardy-Weinberg equilibrium;
IL1p, interleukin-1 @; LDL, low-density lipoprotein; MINI, Mini-International Neuro-
psychiatric Interview; MRI, magnetic resonance imaging: mRNA, messenger ribonucleic
acid; PCR, polymerase chain reaction; SNP, single nucleotide polymorphisms; SPM,
Statistical Parametric Mapping; TE, echo time; TR, repetition time; VBM, voxel-based
morphometry
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apolipoproteins (Knight, 2004). It plays a critical role in the regulation of
extracellular cholesterol levels in the central nervous system (CNS).
Mice lacking the ABCA1 gene (ABCAI) had significantly reduced
cholesterol levels in the cerebrospinal fluid (Wahrle et al, 2004).
Moreover, ABCAI polymorphisms are reported to be associated with
serum cholesterol concentration. For instance, the 219K (rs2230806)
allele was associated with high plasma levels of low-density lipoprotein
(LDL) cholesterol (Katzov et al,, 2004), and the 771M (rs2066718) and
the 1587K (rs2230808) alleles were associated with low plasma levels
of high-density lipoprotein (HDL) cholesterol (Clee et al,, 2001; Frikke-
Schmidt et al,, 2004). Cholesterol is required for myelination (Saher
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et al., 2005), dendrite differentiation (Goritz et al,, 2005) and synapto-
genesis (Mauch etal,, 2001). Therefore ABCA1 expressed in neurons and
glial cells plays an important role in the regulation of synaptic
development (Karasinska et al, 2009). Estrogen administration is
also known to increase ABCA! messenger ribonucleic acid (mRNA)
(Srivastava, 2002), and a sex difference in the activity of cholesterol
transport has been observed (Catalano, 2008). Disturbances in CNS
cholesterol homeostasis have been implicated in neurodegenerative
diseases including Alzheimer's (Vance et al,, 2005) and Huntington's
diseases (Valenza et al.,, 2005). Previous studies have examined the
association between polymorphisms of ABCA1, particularly the non-
synonymous single nucleotide polymorphisms (SNPs) of rs2230806
(R219K), 152066718 (V771M), and rs2230808 (R1587K) and risk for
Alzheimer's disease. Some of these studies have shown a significant
association (Katzov et al., 2004; Sundar et al,, 2007; Shibata et al., 2006),
although this association demonstrated a sex difference (Sundar et al.,
2007). Several studies have demonstrated myelin abnormalities in
schizophrenia (Thomas et al., 2001; Hakak et al., 2001; Garver et al.,
2008; Tkachev et al., 2003; Huang and Chen, 2005), and the relationship
between schizophrenia and ABCA1 was also noted (Chen etal., 2009). To
date, sterol-regulatory-element binding protein-2 (SREBP-2), that
regulates the ABCA1 (Wong et al,, 2006), was suggested to be associated
with schizophrenia (Le Hellard et al,, 2010). Recent genetic studies also
have revealed that the interleukin-1 B (IL1p) gene or the IL1 gene
complex is associated with schizophrenia (Xu and He, 2010), and it is
also suggested that change in IL1P levels in cerebrospinal fluid and
serum may play a role in the pathophysiology of schizophrenia (Barak
etal, 1995).IL-13 has been shown to down-regulate ABCA1 (Chen et al.,
2007). However, to our knowledge, no study has thus far focused on the
association between ABCAT polymorphisms and risk of schizophrenia.
To our knowledge, no genome-wide association study (GWAS) has
suggested that this chromosomal region contains a susceptibility locus
for schizophrenia yet. However, some GWASs for bipolar disorder have
reported this locus as a candidate region. Data from GWASs are also
beginning to provide strong support for shared genetic risk across the
disorders (Venken et al, 2005; Park et al, 2004; Liu et al, 2003;
Badenhop et al,, 2002). Interestingly, a recent study using data from
GWASs strongly supported the hypothesis of shared genetic risk be-
tween schizophrenia and bipolar disorder {Moskvina et al., 2009). Thus
we examined the possibility of association between the ABCAT variants
and schizophrenia.

Previous magnetic resonance imaging (MRI) studies in schizophre-
nia have shown gray matter volume reduction, particularly in the insula,
anterior cingulate cortex, medial frontal cortex, and hippocampal area
(Fornito et al,, 2009; Glahn et al, 2008). Furthermore, studies have
shown the effect of disease-associated genes on such structural abnor-
malities in the brain (Mata et al,, 2009). Deviations in brain morphology
potentially reflecting genetic risk have been ubiquitous in the literature,
and quantitative measures of brain structure using various neuroimag-
ing techniques have a long history as effective endophenotype (Honea
et al, 2008). In this study, we examined whether genetic variations of
ABCAT are associated with the development of schizophrenia. We also
investigated the potential influence of the disease-associated genotype
of ABCAT on the regional cerebral gray matter volume measured with
MRIL

2. Methods
2.1. Subjects

2.1.1. Initial study (Tokyo sample)

Subjects were 506 patients with schizophrenia (278 males, mean
age 44.3+14.1 years), diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders, 4th edition (DSM-IV) (American
Psychiatric Association, 1994), and 941 healthy controls (334 males,
44.8 +16.3 years). All patients and controls were biclogically unrelated

Japanese who resided in the same geographical area (the western part of
Tokyo). Consensus diagnosis by at least two psychiatrists was made for
each patient based on all the available information obtained from
interviews and medical records. Healthy controls were interviewed for
enrollment by research psychiatrists using the Japanese version of the
Mini-International Neuropsychiatric Interview (MINI; Otsubo et al,
2005; Sheehan et al, 1998). Those who demonstrated no history of
psychiatric illness or contact with psychiatric services were enrolled as
controls in this study. Participants were excluded if they had a prior
medical history of CNS disease or severe head injury. Among the
subjects, 86 (49 males) schizophrenia patients and 139 healthy controls
(47 males) underwent brain MRIL

2.1.2. Replication study (Tokai sample)

For the replication analysis, we used an independent Japanese
sample comprising 511 cases (283 males, mean age 43.8 =+ 14.9 years)
and 539 controls (267 males, 36.3 4 14.2 years). All subjects were
unrelated, living in the Tokai area of the mainland of Japan, and self-
identified as Japanese. Control subjects were members of the general
public who had no personal history of mental disorders. This was
ascertained in face-to-face interviews where subjects were asked if they
had suffered an episode of depression, mania, or psychotic experiences
or if they had received treatment for any psychiatric disorder. Patients
were entered into the study if they 1) met DSM-IV criteria for schizo-
phrenia; 2) were physically healthy and had normal routine laboratory
tests; and 3) had no mood disorders, substance abuse, neurodevelop-
mental disorders, epilepsy, or known mental retardation. Consensus
diagnoses were made by at least two experienced psychiatrists according
to DSM-1V criteria on the basis of unstructured interviews with patients
and families and review of medical records.

After description of the study, written informed consent was
obtained from each subject. This study was approved by institutional
ethics committees.

2.2. SNP selection and genotyping

Since genetic variations that result in an amino acid change are most
likely to alter function, we searched for non-synonymous polymor-
phisms of ABCA1 in the NCBI dbSNP database (http://www.ncbi.nlm.nih.
gov/sites/entrez?db=snp). We also searched the literature for poly-
morphisms of ABCAT previously reported to be associated with CNS
diseases. We found only four well-validated SNPs with a heterozygosity
value of >0.10 in Asian populations: rs2230806 (R219K), rs2066718
(V771M), 152066714 (I883M), and rs2230808 (R1587K). Venous blood
was drawn from the subjects and genomic deoxyribonucleic acid (DNA)
was extracted from whole blood according to the standard procedures.
The four SNPs were genotyped using the TagMan 5’-exonuclease allelic
discrimination assay; the assay IDs were C___2741051_1_ for
1s2230806, C_11720789_10 for rs2066718, C__2741083_1_ for
152066714, and C__2741104_1_ for rs2230808 (Applied Biosystems,
Foster City, CA). Thermal cycling conditions for polymerase chain
reaction (PCR) were 1 cycle at 95 °C for 10 min followed by 50 cycles of
92 °Cfor 15 sand 60 °C for 1 min. After amplification, the allele-specific
fluorescence was measured on ABI PRISM 7900 Sequence Detection
(Applied Biosystems). The genotypes were scored using the software
SDS2.1. Failed reactions were called as ‘undetermined’ by this one and
these data were not included in the analysis. Genotype data were read
blind to the case-control status.

2.3. MRI data acquisition and processing

All MR studies were performed on a 1.5 Tesla Siemens Magnetom
Vision plus system. A three-dimensional (3D) volumetric acquisition
of a T1-weighted gradient echo sequence produced a gapless series of
144 sagittal sections using an MPRAGE sequence (echo time
(TE)/repetition time (TR): 4.4/11.4 ms; flip angle: 15°; acquisition
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matrix: 256 x256; 1NEX, field of view: 31.5 cm; slice thickness:
1.23 mm). The raw 3D T1-weighted volume data were transferred to a
workstation, and structural images were analyzed using an optimized,
voxel-based morphometry (VBM) technique. Data were analyzed
using Statistical Parametric Mapping 5 (SPM5) software (Welcome
Department of Imaging Neuroscience, London, UK) running on
MATLAB 7.0 (Math Works, Natick, MA). Images were processed
using an optimized VBM script. The details of this process are
described elsewhere (Li and Ji, 2005). First, each individual 3D-T1
image was normalized with the optimized VBM method. Normalized
segmented images were modulated by multiplication with Jacobian
determinants of the spatial normalization function to encode the
deformation field for each subject as tissue density changes in normal
space. Images were smoothed using an 8-mm full-width at half-
maximum of an isotropic Gaussian kernel.

2.4. Statistical analysis

Deviations of genotype distributions from the Hardy-Weinberg
equilibrium (HWE) were assessed with the y? test for goodness of fit.
First, genotype distributions were compared between patients and
controls using the y? test for independence. Since some animal studies
showed the gender specific findings (Koldamova et al., 2005;
Kuivenhoven et al., 2003), and estrogen has functional relevance to
the ABCA1-mediated pathway (Srivastava, 2002) and a sex difference
in the activity of cholesterol transport has been observed (Catalano et
al., 2008), analysis for each sex was also performed. These tests were
performed with SPSS software ver. 11 (SPSS Japan, Tokyo, Japan). For
multiple analyses, we applied the spectral decomposition method of
SNPSpD software (http://gump.qimr.edu.au/general/daleN/SNPSpD/)
(Nyholt, 2004; Li and Ji, 2005), which considers marker linkage
disequilibrium information and generates an experiment-wide sig-
nificance threshold required to keep the type I error rate at 5%. As a
result, the critical P value was corrected as 0.0128. Then, the observed
association was subject to a replication analysis in an independent
Tokai sample using the y? test for independence.

Second, we then evaluated the differences in regional gray matter
volume across the clusters sorted by the genotype distributions of the
SNP that showed a statistically significant difference between the
patients and healthy subjects. Statistical analyses were performed using
Statistical Parametric Mapping 2 (SPM2) software (Welcome Depart-
ment of Imaging Neuroscience, London, UK). Since the regional cerebral
gray matter volume is influenced by age (Good et al, 2001), we
examined the differences in regional gray matter volume by the analysis
of covariance (ANCOVA), controlling for age. Only associations that met
the following criteria were deemed statistically significant for the first
analysis: familywise error rate (FWE)<0.05, and for the post hoc
analyses: a voxel level of p<0.001 (uncorrected) and a cluster level of
p<0.05 (uncorrected). We also evaluated the differences across the
groups according to age using one-way analysis of variance (ANOVA)
and the differences between two groups of schizophrenia patients cate-
gorized according to duration of illness and daily dose of antipsychotic
drugs using a two-sample t-test.

3. Results
3.1. ABCA1 polymorphisms and susceptibility to schizophrenia

First, genotype and allele distributions of the 4 SNPs in the initial
sample (Tokyo sample) are shown in Table 1. The genotype distribution
for rs2230806 in the female control group deviated significantly from
the HWE, thus was excluded from further analysis. In the total sample,
the genotype or allele distribution did not differ significantly between
the cases and controls for any SNP. However, when men and women
were examined separately, a nominally significant difference in the
genotype distribution for rs2230808 (R1587K) was observed in men

(p=0.014), but not in women (p=0.674). Difference in allele fre-
quency was observed at a trend level in men (p=0.055), but not in
women (p=0.440). When the observed difference in the genotype
distribution for rs2230808 was further analyzed based on the recessive
and dominant models, there was a significant difference in the
dominant model (p=0.006; odds ratio (OR) 1.60, 95% confidential
interval (C1): 1.14-2.24), but not in the recessive one (p=10.96), in male
subjects. There was no significant difference in genotype or allele
distribution of the other 3SNPs even when subjects were stratified by
Sex.

Table 2 shows genotype and allele distributions for rs2230808 in
the replication sample (Tokai sample). There was no significant dif-
ference in genotype or allele distribution between the patients and
controls. When men and women were examined separately, there
was no significant difference for either sex. We also analyzed based on
the dominant model; however, no statistically significant differences
in genotype distribution were found in total subjects or each sex.
However, the initial and replication samples were combined, the
frequency of male patients carrying the 1587K allele remained to be
increased than male controls at nominally significant level (OR 1.30,
95% C1 1.02 -1.65, p=0.032).

3.2. ABCA1 polymorphism and MRI volumetry

Since carrying the 1587K allele was found to be significantly more
common in male patients with schizophrenia than in male controls in
the genetic association study, the subjects with MRI data were grouped
into four groups for each sex based on the case-control status and
whether the subject carried the 1587K allele or not. The demographic
and clinical characteristics of the groups are presented in Table 3. For
both men and women, the analyses showed no significant difference in
duration of illness or daily dose of antipsychotics between the two
genotype-based groups of patients with schizophrenia (men: duration
ofillness: t (47) = —0.15, p=0.88, daily dose of drug: t (47) = —1.58,
p=0.12; female: duration of illness: t (34) = —0.40, p=0.69, daily
dose of drug: t (34) = —0.20, p=0.85). Further, for both men and
women, there was no significant difference in mean age across the
healthy subjects and two schizophrenia groups (men: df =2, F=1.54,
p=0.22; women: df =2, F=1.16, p=0.32).

Initially, we evaluated the difference in gray matter volume

. between the two genotype-based healthy groups for each sex using

ANCOVA, controlling for age. There were no significant differences
related to genotype for either sex, respectively. We therefore
combined the healthy groups with and without the 1587K allele for
each sex in the following analyses. When the group effect was assessed
using ANCOVA with F-test (FWE<0.05), we found statistically
significant volume differences in thalami, medial temporal regions,
and nearly all the circumferential cortical regions in males (Fig. 1A).
Male patients with schizophrenia carrying the 1587K allele showed
significant small gray matter volume in the bilateral occipital regions
and posterior cingulate cortices compared with those who did not
carry the 1587K allele (Fig. 1B). Male patients with schizophrenia who
did not carry the 1587K allele showed significant small volume only in
bilateral orbitofrontal, insulae, and left parahippocampus, compared
with all male controls (Fig. 1C). However, the male schizophrenia
patients carrying the 1587K allele showed smaller volume across
almost the whole gray matter, than all male controls (Fig. 1D). When
we re-analyzed these post hoc statistics using rigorous criteria (false
discovery rate (FDR) p<0.05, cluster level of p<0.05), results indicated
with Fig. 1C and D showed almost the same as the previous ones, the
statistics using the relatively small sample size indicated with the
Fig. 1B showed no statistically significant difference between the
schizophrenic groups.

In women, in contrast, there were no significant differences in gray
matter volume between schizophrenia patients with and without the
1587K allele or between controls with and without the allele (data not
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Table 1

Genotype and allelic distributions of the ABCA1 SNPs in patients with schizophrenia and controls.

db SNP ID and Position™ Inter-SNP Gender Group N Genotype distribution (frequency) 72 P Allele count (frequency) x2 P HWE of Controls
aminoacid change distance (bp) (df=1)
R/IR R/K K/K R K
152230806 107620867 (=) All Schizophrenia 497 119 (0.24) 241 (0.48) 137 (0.28) 2.77 0.250 479 (0.48) 515 (0.52) 0.01 0.897 ¥2=3.73
Arg219Lys exon 7 Controls 932 204 (0.22) 495 (0.53) 233 (0.25) 903 (0.48) 961 (0.52) P=0.053
M Schizophrenia 274 63 (0.23) 137 (0.50) 74 (0.27) 047 0789 263 (0.48) 285 (052) 045 0503  x2=0.05
Controls 330 71(0.22) 162 (0.49) 97 (0.29) 304 (0.46) 356  (0.54) P=0.827
F Schizophrenia 223 56 (0.25) 104 (0.47) 63 (0.28) 216 (048) 230  (0.52) 2 =681
Controls 602 133 (0.22) 333 (0.55) 136 (0.23) 599 (0.50) 605 (0.50) P=10.009
Vv ViIM M/M v M
152066718 107589255 31,612 All Schizophrenia 494 438 (0.89) 54 (0.11) 2 (0.00) 109 0580 930 (0.94) 58 (0.06) 099 0319 2=004
Val771Met exon 16 Controls 936 812(0.87) 120(0.13)  4(0.00) 1744 (093) 128  (0.07) P=0.847
M Schizophrenia 273 242 (0.89)  29(0.11) 2 (0.01) 1.70 0428 513 (094) 33 (0.06) 050 0480 ¥2=0.30
Controls 333 287 (0.86) 45 (0.14) 1 (0.00) 619 (093) 47 (0.07) P=10.582
F Schizophrenia 221 196 (0.89) 25 (0.11) 0 (0.00) 132 0518 417 (094) 25 (0.06) 060 0437  x2=0.03
Controls 603 525 (0.87) 75 (0.12) 3 (0.00) 1125 (0.93) 81 (0.07) P=0.856
iyl I/M M/M I M
52066714 107586753 34,114 All Schizophrenia 487 208 (0.43) 212 (044) 67 (0.14) 386 0145 628 (0.64) 346 (0.36) 175 0186  x2=091
lie883Met exon 18 Controls 917  345(0.38) 446 (0.49) 126 (0.14) 1136 (0.62) 698  (0.38) P=0.339
M Schizophrenia 266 115(0.43) 116 (044) 35 (0.13) 323 0199 346 (0.65) 186  (0.35) 087 0335 y?=240
Controls 330 122 (0.37) 168 (0.51) 40 (0.12) 412 (0.62) 248 (0.38) P=0.122
F Schizophrenia 221 93 (0.42) 96 (0.43) 32 (0.14) 123 0542 282 (0.64) 160 (0.36) 0.62 0430  x2=0.002
Controls 587  223(0.38) 278 (047) 86 (0.15) 724 (0.62) 450  (0.38) P=0.966
R/R R/K K/K R K
152230808 107562804 58,063 All Schizophrenia 491 174 (0.35) 252 (0.51) 65 (0.13) 405 0132 600 (0.61) 382 (0.39) 063 0427 x2=050
Arg1587Lys exon 35 Controls 923 367 (0.40) 422 (0.46) 134 (0.15) 1156 (0.63) 690 (0.37) P=0.478
M Schizophrenia 273 87 (0.32) 148 (0.54) 38 (0.14) 8.51 0.014 322 (0.59) 224  (041) 368 0055 x2=117
Controls 327 140 (0.43) 141 (0.43) 46 (0.14) 421 (0.64) 233 (0.36) P=0.278
F Schizophrenia 218 87 (0.40) 104 (0.48) 27 (0.12) 079 0674 278 (0.64) 158 (0.36) 060 0440 x2=001
Controls 596  227(038)  281(047) 88 (0.15) 735 (0.62) 457 (0.38) P=0.945

HWE; Hardy-Weinberg equilibrium.
* Chromosome position was determined from the dbSNP database.

0881

€881-2/81 (1102) € Anpupdsg jpaiSojorg 2 ASojoopuLinydoydfsg-oinap 1 ssaiSoly / ‘D312 VIO W



M. Ota et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 35 (2011) 1877-1883

Table 2
Genotype and allelic distributions of rs2230808 in independent replication sample.

1881

db SNP ID and Gender Group N Genotype distribution (frequency) x2 P Allele count (frequency) x2 P HWE of controls
aminoacid change (df=1)
R/R R/K K/K R K
rs2230808 All Schizophrenia 539 211 (0.39) 252 (047) 76(0.14) 025 088 676 (0.63) 404 (037) 003 085 x?=049
Arg1587Lys Controls 511 201 (0.39) 233(046) 77 (0.15) 635 (0.62) 387 (0.38) P=048
M Schizophrenia 283 109 (0.39) 133 (047) 41(0.14) 0.15 093 351 (062) 215 (0.38) 014 071 =001
Controls 267 106 (0.40) 125(047) 36(0.13) 337 (0.63) 197 (0.37) P=0.92
F Schizophrenia 256 102 (040) 119(046) 35(0.14) 097 062 323 (0.63) 189 (0.37) 043 051 yx2=117
Controls 244  95(039) 108 (0.44) 41(0.17) 298 (0.61) 190 (0.39) P=0.28

HWE; Hardy-Weinberg equilibrium.

shown). We evaluated the difference between the all controls and all
cases using ANCOVA. The female schizophrenia patients showed
smaller gray matter volume in the bilateral insulae, anterior cingulate
cortex, and orbitofrontal cortex, than all female controls (Fig. 1E).

We also we evaluated the difference in gray matter volume
between the schizophrenic groups with and without the 1587K allele
for each sex using ANCOVA, controlling for age, duration of illness,
educational period, and medication. There were no statistically signif-
icant differences between the groups for each sex, however, male
patients with schizophrenia carrying the 1587K allele showed small
gray matter volume in the left occipital region and bilateral posterior
cingulate cortices, almost the same as Figure (B), compared with
those who did not carry the 1587K allele at nominal trend level (F)
(P<0.01 uncorrected). There were no differences between the female
schizophrenic patients with or without the 1587K allele using loose
criteria (P<0.01 uncorrected, data not shown).

4. Discussion

We found that the 1587K allele of ABCAT was significantly more
commion in male patients with schizophrenia than in male controls.
However, such a difference was not observed in women. Furthermore,
our results showed that male schizophrenic patients who carried the
1587K allele have smaller gray matter volume than in those who did
not, but this difference did not extend to women. To our knowledge,
this is the first study that reports the possible association of ABCAT
with susceptibility to schizophrenia and related brain abnormalities.

4.1. ABCA1 polymorphisms and susceptibility to schizophrenia

The 1587K allele was reported to increase cerebrospinal fluid tau
level and brain amyloid beta load (Katzov et al,, 2004). It was also
associated with low plasma levels of apolipoprotein Al (Tregouet et
al., 2004) and HDL-cholesterol (Clee et al., 2001; Frikke-Schmidt et al,,
2004), suggesting functional differences between the R1587 and
1587K alleles, which may explain our results.

The present study showed gender-specific association between
R1587K (rs2230808) and schizophrenia in our population. Serum from
men displays an enhanced free cholesterol efflux capacity via the ABCA1
transporter pathway compared with that from perimenopausal women
(Catalano et al., 2008). Estradiol was known to modulate a wide range of
functions of the brain. From the onset of menopause, declining levels of
estradiol can cause cognitive disturbances and changes in behavior that
can be counterbalanced by hormone replacement. Studies in mice have
suggested that the atheroprotective effects of estrogen may occur partly
via the ABCA1-mediated pathway (Srivastava, 2002). Another study
found that ABCA1 was up-regulated by estradiol (Sarvari et al., 2010).
Taking these previous findings into consideration, the observed sex
difference in our study may be explained, at least in part, by the fact that
estrogen is involved in the regulation of ABCA1 activity. The role of CNS
cholesterol in synaptic function and neurodegenerative disorders has
recently been appreciated, but the mechanisms regulating its transport
and homeostasis are only partially understood. Therefore, further
studies that focused on the sex difference should be needed to reveal
the function of the ABCA1.

In the initial study, the 1587K allele (rs2230808) was significantly
more common in male patients with schizophrenia than in male
controls. Although such a significant difference was not observed in
the second sample alone, the increased frequency of the 1587K allele in
male patients remained to be significant in the combined male sample.
Though there was the association of ABCAT with susceptibility to
schizophrenia, it is suggested that this relationship may be fairly weak.

4.2. ABCA1 polymorphism and MRI volumetry

Our results showed that male schizophrenia patients carrying the
1587K allele showed smaller gray matter volume than those who did
not carry the allele. Schizophrenia has been associated with volume
reductions in the limbic, paralimbic, frontal, and temporal cortical
regions (Glahn et al., 2008; Ellison-Wright et al., 2008; Shenton et al,,
2001; Wright et al,, 2000), although some previous studies did not
detect disturbances in such regions (Kanaan et al., 2005; Kubicki et al.,

Table 3
Characteristics of the subjects who underwent MRL
Genotype distribution N Age Duration of illness Drug dose
of rs2230808 (chlorpromazine equivalent)
Men Control R/R 21 39.8412.4 (20-71)
K carrier 26 389+11.9 (25-69)
All 47 39.3+£12.0 (20-71)
Schizophrenia R/R 16 447 416.7 (22-76) 21.0+£169 770.0 £636.0
K carrier 33 43.74+£13.0 (27-72) 21.7+£129 1183.6+£945.7
Women Control R/R 39 48.2+13.5 (25-74)
K carrier 53 39.9411.6 (22-71)
All 92 43.4413.0 (22-74)
Schizophrenia R/R 16 4754 12.3 (22-67) 17.2+13.2 691.6 + 566.3
K carrier 21 46.3415.0 (23-75) 19.0+£13.2 731246239
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