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ABSTRACT

Schizophrenia has been conceptualized by dysfunctional cognition and behavior related to abnormalities in
neural circuitry. The functioning of the neural circuitry can be assessed using the auditory steady state
response (ASSR). Moreover, in recent years, research on high (>60 Hz) gamma band oscillations has become
of increasing interest. The current study used whole-head, 306-channel magnetoencephalography (MEG) and
investigated low and high gamma band oscillations with the ASSR. The subjects comprised 17 patients with
schizophrenia and 22 controls. The current study investigated the MEG-ASSR elicited by click trains of 20-,
30-, 40- and 80-Hz frequencies, and symptom-ASSR associations in patients with schizophrenia. The mean
power, phase-locking factor, dipole moments and source locations of the ASSR were estimated. The main
findings were: (1) patients with schizophrenia showed bilaterally reduced ASSR power and dipole moments
specific to the 40-Hz and 80-Hz frequencies; (2) patients with schizophrenia showed less right-greater-than-
left 40-Hz ASSR power and phase-locking factor compared with healthy subjects, indicating that
schizophrenics may be characterized by an abnormal asymmetry of the 40-Hz ASSR; (3) increased severity
of global hallucinatory experiences was significantly associated with smaller left 80-Hz MEG-ASSR in patients
with schizophrenia. The current study highlights the high and low frequency gamma abnormalities and

provides clear evidence that schizophrenia is characterized by abnormalities in neural circuitry.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since the time of Bleuler, schizophrenia had been described as
“splitting of the psychic functions” (Bleuler, 1950/1911). More recently,
schizophrenia has been conceptualized by a dysfunction in cognition
and behavior related to abnormalities in neural circuitry. The function-
ing of the neural circuitry can be assessed using the auditory steady state
response (ASSR). The ASSR seems to show resonant frequencies at
around 40 Hz and 80 Hz with a larger power at 40 Hz (Picton et al,,
2003). At these frequencies, the power of the ASSR is enhanced
compared with that at other stimulation frequencies. In recent years,
research on the ASSR has become of increasing interest, because the
neural mechanisms responsible for the generation of synchrony have
been revealed both in vivo and in vitro (e.g., Brenner et al,, 2009; Uhlhaas
et al,, 2011). Moreover, both low (30-60 Hz) and high (>60 Hz) gamma
band oscillations can be generated by recurrent inhibition but differ in
their relationship to the spiking activity of parvalbumin-containing
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interneurons, their pharmacological modulation profiles as well as their
layer specificity (Oke et al., 2010). Magnetoencephalography (MEG)
offers higher spatial resolution than electroencephalography (EEG) in
accurately locating the position of neuronal activity. Moreover, MEG
may be suitable to detect high gamma band oscillations because MEG
waveforms cannot be deformed with conductivity affecting volume
currents. In the present study, we used MEG to investigate low and high
gamma band oscillations using the ASSR.

In terms of low gamma band oscillations, the ASSR and evoked/in-
duced oscillations to auditory and visual stimuli have been extensively
investigated. In schizophrenia, a reduced 40-Hz ASSR has been reported
repeatedly. For example, Kwon et al. (1999) reported a reduced 40-Hz
ASSR and showed delayed phase synchronization/desynchronization to
a click train in schizophrenia. For evoked or induced oscillations,
Spencer et al. (2004) demonstrated that visual gestalt stimuli led to
abnormal evoked oscillatory activity around 40 Hz over the occipital
lobe in schizophrenia, and that this abnormal evoked oscillatory activity
was associated with visual hallucinations. In healthy subjects, Ross et al.
(2005) reported a 40-Hz ASSR that was larger in the right than the left
hemisphere, indicating that the left auditory cortex dominantly
processes fast temporal changes in sound, whereas the right auditory
cortex dominantly processes the spectral fine structure of the sound.
They also suggested that the right auditory cortex may be more
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responsive to pitch processing and sound periodicity. Hamm et al.
(2011) reported that schizophrenics showed smaller enhancements of
the 40-Hz ASSR in their right hemispheres compared with healthy
subjects. As noted before, it has been reported that schizophrenics show
abnormal neuronal responses to sound periodicity. Moreover, it has
been postulated that reduced or reversed brain asymmetries may play
important roles in the pathology of schizophrenia (for example see
Crow et al, 1989). Based on these findings, in the present study, we
predicted that the patients would show reduced 40-Hz MEG-ASSRs and
less right-greater-than-left 40-Hz ASSR compared with healthy
subjects.

With respect to high gamma band oscillations, Griitzner et al.
(2010) used Mooney face stimuli and reported that distributed neural
generators are involved in high gamma band oscillations for the
processing of Mooney images in healthy subjects. There has been
uniform agreement that MEG oscillations in the high gamma band are
reliable markers of cortical activity during a variety of cognitive tasks
(Kaiser et al., 2004). However, as far as we know, only one study has
investigated the high gamma band ASSR in schizophrenia (Hamm et
al, 2011). Although the ASSR itself may not reflect cognitive
processes, the resonant frequencies of the ASSR suggest that basic
neural circuits predominantly oscillate at these frequencies, and that
the ASSR may shed light on the neural circuit functions of auditory-
evoked and cognition-related gamma band oscillations. Therefore, in
the present study, we also investigated high gamma band (80 Hz)
MEG-ASSRs and the association between 80-Hz ASSRs and auditory
hallucinations in schizophrenics, since 80-Hz MEG-ASSRs may be
more closely related to the function of cognition-related auditory
neural circuitry than low gamma ASSRs.

2. Methods
2.1. Subjects

Seventeen (6 males, 11 females) schizophrenics and 22 healthy
control subjects (9 males, 13 females) participated in this study. All
subjects had normal hearing, were aged 20-63 years and were right-
handed (Oldfield, 1971). After a complete description of the study, all
participants signed an informed consent form according to the
regulations of the Ethics Committee of the Graduate School of Medical
Sciences, Kyushu University. The exclusion criteria were: 1) neuro-
logical illness or major head trauma; 2) electroconvulsive therapy; 3)
alcohol or drug dependence; 4) alcohol or drug abuse within the past
5 years; or 5) a verbal intelligence quotient below 75. Healthy controls
were screened using the Structured Clinical Interview (SCID)-non-
patient edition. No healthy controls had an Axis-I psychiatric disorder
themselves or in their first-degree relatives.

All patients were recruited from Kyushu University Hospital and
were diagnosed based on the SCID-DSM IV and medical records. The
patients were assessed on the Scale for the Assessment of Positive
Symptoms (SAPS) (Andreasen, 1984) and the Scale for the Assess-
ment of Negative Symptoms {SANS) (Andreasen, 1983). Demographic
data for all subjects are presented in Table 1. All patients were
receiving neuroleptic medication [typical neuroleptics (2/17 pa-
tients), atypical (12/17) or both (3/17)], with a mean daily dose
equivalent to 541 4367 mg of chlorpromazine (Woods, 2003).

2.2. Stimuli

The stimuli were 1-ms clicks, presented binaurally as trains of
clicks for each stimulus (20, 30, 40 and 80 Hz). The duration of each
click train was 500 ms, and the intensity of the click trains was 80 dB
sound pressure level. The inter-train interval was 500 ms. The mean
numbers of presented click trains in one block were 317.6 4+ 109.4 for
heaithy controls and 313.24£92.0 for schizophrenic patients, and

Table 1
Demographic and clinical characteristics of the subjects.
HC Sz df tor¥ p
Sex, M/F, No 9/13 6/11 1 0.13 0.72
Age (years) 3704161 3564100 37 033 0.74
Handedness 97.7+5.5 97.145.8 37 032 0.75
SES 23407 39410 37 =58 <0.001*
Parental SES 28+09 26109 37 045 0.66
Medication dose 541367
(CPZ equiv., mg)
Symptom onset (years) 222+81
Duration of illness {years) 135+£75
SAPS
Auditory hallucination 18+1.1
Hallucinations 75+55
Delusions 189+97
Bizarre behavior 85433
Thought disorder 1464106
SANS
Affective flattening 259149
Alogia 153+5.0
Avolition 143434
Anhedonia 16643
Inattention 103437

The data are given as mean = SD. Asterisks indicate statistically significant results.
HC: healthy controls, SZ: patients with schizophrenia. SZ showed significantly lower
SES than HC.

there was no significant group difference (t[37] =0.14, p=0.89). The
order of blocks was randomized across subjects.

2.3. Data acquisition and processing

The MEG signals were acquired using a whole-head, 306-channel
sensor array (Vectorview; ELEKTA Neuromag, Helsinki, Finland). In
this study, we analyzed MEG data recorded by the 22-channel, planar-
type gradiometers around the sensor with maximum response for
each hemisphere (Fig. 1), based on previous studies (e.g., Palva et al.,
2002; Teale et al., 2008; Shin et al., 2009). Prior to the recording, four
head position indicator (HPI) coils were attached to the scalp, and a
three-dimensional (3D) digitizer was used to measure the anatomical
landmarks of the head with respect to the HPI coils. The precise location
of the head with respect to the sensor array was determined using the

Right

Posterior

Fig. 1. Layout of the measured channels. The MEG signals were acquired using a whole-
head, 306-channel sensor array that comprises 102 identical triple-sensor elements.
Each sensor consists of two orthogonal planar-type gradiometers and one magnetom-
eter. We used 11 sensors {22-channel orthogonal gradiometers) around the maximum
response in each hemisphere. Circled points indicate the sensors used for the analysis.
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HPI coils. The recording bandpass filter was 0.01-330 Hz, and the
samplingrate was 1 kHz. The subjects were instructed to keep their eyes
open, remain attentive and listen to trains of clicks presented through
the earphones. A spatiotemporal signal space separation (tSSS) method
was applied off-line to the recorded raw data (Taulu and Simola, 2006).
tSSS-reconstructed raw data with signal variations exceeding 4000fT
were excluded. The data were averaged with the following conditions:
the analysed period included 400 ms before and 900 ms after stimulus
onset, and 200 responses were averaged for each type of stimulus.

2.4. Frequency analysis

We used an estimation of the time-frequency energy based on the
wavelet transform of the signal. The signal was convoluted by com-
plex Morlet's wavelets w(t, fo) having a Gaussian shape with the
wavelet being centered at the center frequency fo and time t: w(t, fo) =
A-exp(—t3/20°) - exp(2infot), where 2nfoo=7 in 1-Hz steps. Wavelets
were normalized so that their t?tal energy was 1, the normalization
factor A being equal to (\/?fﬁa) . We defined the squared modulus of

the result of the convolution of a complex wavelet o(t, fo) with the
averaged responsess(t): power(t, fo)=|o(t, fo) ®s(t)]*> as the ASSR-
power, where the symbol ® indicates convolution. The square-root
transform was applied to the ASSR-power for normalization. We also
calculated the ASSR-phase-locking factor (PLF) using the following

‘ Z ot fi®s(t)
| 4= ot f)®s(t)]
N

formula: PLF(t, fo)='-f————1 The PLF ranges from 0 (purely non-

phase-locked activity) to 1 (strictly phase-locked activity). In calculating
the power and PLF, we applied baseline correction (from —200 to
— 100 ms). The mean power and PLF from 0 to 500 ms for each stimulus
were averaged across 10 Hz bands.

2.5. Dipole moments and source localization

The averaged responses were digitally filtered using a band-pass
Butterworth filter (band pass; 15-25 Hz for 20 Hz stimulation, 25~
35 Hz for 30 Hz, 35-45 Hz for 40 Hz, 75~85 Hz for 80 Hz). A single
moving equivalent current dipole source model was applied, and dipole
fits in each hemisphere were calculated by a least-squares fit. Single
source dipole localization was performed for each time-point for 0-
500 ms after stimulus onset. Only dipoles with goodness-of-fit criteria
(>0.9) were chosen. The dipole locations were expressed by x-, y-, and
z-coordinates.

T1-weighted 3T magnetic resonance imaging (MRI) (Philips
Achieva, Best, The Netherlands) of 12 of 17 schizophrenics and 15 of
22 healthy control subjects was performed with a 1-mm slice thickness.
To overlay the calculated dipoles onto the images of the subject’s brain,
the nasion and bilateral preauricular points were identified on the
images by registering the fiduciary points and traced points over the
scalp on the MRI-scanner.

2.6. Statistical analysis

The mean ASSR-powers, PLF and dipole moments analyzed using
repeated measures analysis of variance (rmANOVA) with group
(schizophrenia or control) as a between-subjects factor; and frequency
(20, 30, 40 or 80 Hz) and hemisphere (left or right) as within-subjects
factors. For dipole locations, multivariate ANOVA (MANOVA) was
performed with group as a between-subjects factor, and frequency,
hemisphere and axis (x, y or z) as within-subjects factors. Degrees of
freedom were adjusted with the Huynh-Feldt epsilon for factors with
more than two levels. Correlations between the severity of the auditory
hallucinations and the ASSR-powers were evaluated using Spearman’s
rho. We considered all results to be significant at p<0.05.

3. Results
3.1. Demographics

There were no significant group differences in demographic data
except SES, consistent with reduced functioning due to this disorder
(Table 1). In addition, there was no significant correlation between the
medication dose and ASSR-power (0.10<rho <047, 0.06 <p<0.69).

3.2. Mean ASSR-power

Fig. 2 shows group averaged time-frequency maps of ASSR-power
for each hemisphere, An rmANOVA demonstrated significant main
effects of frequency (F[3,35] = 56.6, p<0.001) and hemisphere {F]1,37} =
11.5, p=0.002), and significant frequency-by-group (F3,35]=3.2,
p=0.004) and hemisphere-by-group (F[1,37]=5.9, p=0.02) interac-
tions, with no other significant main group effect or interactions
(0.06 <p<0.16). To delineate the significant frequency-by-group
interaction, group differences were compared with -tests using the
average power of both hemispheres for each frequency. Patients
showed significantly reduced ASSR-power at 40 Hz (t[37]=2.4,
p=0.02) and 80Hz (t{37]=3.2, p=0.003), while no significant
group differences were observed for 20 Hz (¢{37]=—0.93, p=0236)
or 30 Hz (¢[37]=0.88, p=0.39). To examine whether patients show
reduced right-greater-than-left ASSR, we evaluated the lateralization
index (LI) of the ASSR-power as (L — R)/(L} + |R|), with L and R being the
values in the left and right hemisphere, respectively (Kircher et al.,
2004). T-tests were performed for the LI of the ASSR-powers in each
frequency. The patients showed significantly larger LIs (—0.03+£0.13
for patients; —0.134-0.18 for controls; t{37]= —2.0, p=0.05) in the
40 Hz frequency, indicating less right-greater-than-left 40-Hz ASSR-
powers in schizophrenics. No significant group differences were
observed for the 20 Hz (t{37]=—0.05, p=0.96), 30 Hz (t{37]=—1.5,
p=0.15) or 80 Hz (t[37] = —0.88, p=0.38) frequencies.

3.3. Mean ASSR-PLF

Fig. 3 shows group averaged time-frequency maps of ASSR-PLF for
each hemisphere. An rmANOVA demonstrated significant main effects
of frequency (F3,35]=288.7, p<0.001), hemisphere (F{1,37]=14.2,
p=0.001), and significant frequency-by-hemisphere-by-group
(FI3,35]=3.3, p=0.05), hemisphere-by-group (F[1,37]=5.2, p=
0.03), and frequency-by-hemisphere (F[3,35]=4.7, p=0.02) interac-
tions, with no other significant main group effect or interactions
(036 <p<0.39). To characterize the nature of the significant frequency-
by-hemisphere-by-group interaction, two-factor rmANOVAs were
performed with hemisphere as a within-subjects factor and group as a
between-subjects factor for each frequency.

For 20 Hz, there were no significant main effects (p=0.13 for
hemisphere; p=0.89 for group) or group-by-hemisphere interaction
(p=0.56). For 30 Hz, there was a significant main effect of hemi-
sphere (F{1,37]=12.0, p=0.001) with no significant group effect
(p=0.81) or group-by-hemisphere interaction (p=0.20). For 40 Hz,
there was a significant main effect of hemisphere (F[1,37]=9.1,
p=0.005) and group-by-hemisphere interaction (F[1,37]=54,
p=0.03) with no significant group effect (p=0.27). To delineate the
significant group-by-hemisphere interaction, post-hoc r-tests were
performed for each hemisphere. There was no significant group
difference in the left hemisphere (t{37]=0.42, p=0.68) with a trend-
level difference in the right hemisphere (f{37]=1.8, p=0.08). For
80 Hz, there was a significant main effect of group (F[1,37]=559,
p=0.02) with no significant hemisphere effect (p = 0.07) or group-by-
hemisphere interaction (F[1,37]=1.6, p=0.22), indicating bilateral
80 Hz-PLF reduction in schizophrenia. For the LI of the 40-Hz ASSR-PLF,
patients showed significantly larger LI than controls (—0.0440.12 for
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HC SZ
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Fig. 2. Group averaged time-frequency maps of ASSR-power for each hemisphere. The color scales signify ASSR-power. HC, healthy contrals; SZ, patients with schizophrenia.

HC SZ

20 Hz
3

30 Hz

40 Hz
40

80 Hz

500 ms

Right

Right

Fig. 3. Group averaged time-frequency maps of ASSR-PLF for each hemisphere. The color scales signify ASSR-PLF value. HC, healthy controls; SZ, patients with schizophrenia.
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Table 2
Dipole moments of the ASSR.
HC (n=22) SZ (n=17) df t p
(nA/m) (nA/m)
20 Hz Left 36x12 40416 37 —0.88 0.39
Right 36+13 41422 37 —1.0 0.30
30 Hz Left 3.0+£11 26+1.1 37 1.3 0.19
Right 40+15 34411 37 14 0.18
40 Hz Left 33+12 24+08 37 28 0.008"
Right 41=14 26+09 37 3.8 0.001*
80 Hz Left 1.4+0.8 09+04 37 2.7 0.01*
Right 1.6+1.0 1.0+04 37 25 0.02*

The data are given as mean = SD. Asterisks indicate statistically significant results.
HC: healthy controls, SZ: patients with schizophrenia.

patients; —0.13 +0.13 for controls; t{37] = — 2.1, p=0.04), indicating
less right-greater-than-left 40-Hz ASSR-PLF in schizophrenia.

3.4. Dipole moments and locations

Table 2 shows group mean dipole moments in each group. Patients
showed significantly reduced dipole moments for 40 Hz (t[37]=4.1,
p<0.001) and 80Hz (f{37]=3.5, p=0.001) stimuli, while no
significant group differences were observed for 20 Hz (t{37] = —1.1,
p=0.26) and 30 Hz (t{37]=1.8, p=0.09) stimuli.

For dipole locations, MANOVA demonstrated no group effect and
no interactions related to group, indicating no significant group
differences for dipole locations of the ASSR (see Table 3). Fig. 4 shows
the source locations of the ASSR for one healthy subject, projected
onto the appropriate coronal MRI sections. The ASSRs were generated
in or near the Heschl's gyrus.

3.5. Correlations between the ASSR and demographic/clinical
measurements

In both groups, no significant correlations were observed between
the ASSR variables and the demographic data (0.08<p<0.95).
Neuroleptic dose (chlorpromazine equivalent) did not significantly
correlate with any ASSR variable in schizophrenia (0.06 <p<0.99).

There was a significant negative correlation between left 80-Hz
ASSR-powers and auditory hallucination scores (rho=—0.504,
p=20.04), while no significant negative correlations were observed
between auditory hallucination scores and the other ASSR frequencies
(Fig. 5). Additionally, we compared the significances of the correlation
coefficients between the left hemisphere responses to the 80Hz
stimulus and the left hemisphere responses to the other stimulation
frequencies using Fisher's r-to-z transformations. Given the directional
nature of our hypothesis, one-tailed tests were used. Based on Fisher's Z
transformation, the p-values for the differences in the correlation
coefficients were 0.03 between the 20 and 80 Hz (z=1.88), 0.003

between the 30 and 80 Hz (z=2.71), and 0.13 between the 40 and
80 Hz (z=1.11) frequencies.

4. Discussion

The current study investigated the MEG-ASSR elicited by click trains
0f 20, 30, 40 and 80 Hz frequencies, and symptom-ASSR associations in
schizophrenia. The major findings of this study were: (1) patients
showed bilaterally reduced ASSR-power and dipole moments, specific
to the 40 Hz and 80 Hz frequencies; (2) patients showed less right-
greater-than-left 40-Hz ASSR-power and PLF; (3) increased severity of
global hallucinatory experiences was significantly associated with a
smaller left 80-Hz MEG-ASSR in schizophrenia.

For high gamma band oscillations, Hamm et al. (2011) reported
bilateral reduced 80-Hz ASSR in schizophrenia, and the current study
supports their findings. Uhlhaas et al. (2011) concluded that high
gamma band activity might be a fundamental aspect of temporal
coding in cortical networks. Moreover, some studies have suggested
that high gamma band activity is linked to higher cognitive functions
(Ray et al.,, 2007). As noted before, the ASSR itself may not reflect
cognitive processes; however, the 80-Hz ASSR may reflect the neural
circuit functions of auditory-evoked and cognition-related high
gamma band oscillations at least to some extent. The present study
showed reduced 80-Hz MEG-ASSR in schizophrenia, partially reflect-
ing deficient neural circuitry of temporal coding in cortical networks.

The present study demonstrated that schizophrenics showed
reduced 40-Hz ASSR-power and dipole moments. Several previous
studies have reported reduced 40-Hz ASSR in patients and their relatives.
For example, Kwon et al. (1999) reported that schizophrenia showed
diminished 40-Hz ASSR-power. Hong et al. (2004) reported that relatives
with schizophrenia spectrum personality symptoms had reduced 40-Hz
ASSR-power. Light et al. (2006) reported reduction in both evoked
power and phase synchronization in response to 30 and 40-Hz ASSR in
schizophrenia. For the PLF of 40-Hz ASSR, the present study showed no
significant group difference in the left hemisphere, but a trend-level
difference in the right hemisphere. However, Spencer et al. (2008)
reported that PLF deficits in the 40-Hz ASSR were more pronounced over
the left hemisphere in first-episode schizophrenia. They also reported
that the PLF was reduced in schizophrenia for the right hemispheric
tangential and the left hemispheric radial dipoles (Spencer et al., 2009).
Our current finding may not conflict completely with this, because MEG
cannot detect the magnetic fields generated by a radial dipole with good
detection of a tangential dipole. On the other hand, EEG can record the
potentials of a radial dipole as well as a tangential dipole.

The current study also revealed less right-greater-than-left 40-Hz
ASSR-power and PLF in schizophrenia. A right hemisphere dominance
for 40-Hz ASSR has been reported in healthy subjects (Ross et al., 2005).
In schizophrenia, Hamm et al. (2011) reported reduced 40-Hz ASSR
in the right hemisphere. It has been postulated that reduced or
reversed brain asymmetry may be importantly related to schizophrenia

Table 3
Dipole locations of the ASSR.
Left (mm) Right (mm)
X y z X y . z
20 Hz HC (n=22) —459+45 534128 60979 48.0+£6.9 83%76 6104133
SZ(n=17) —49.1+36 34495 64.9+100 48.0+58 10.0+8.0 60.4+9.7
30Hz HC —~45.6+4.6 34+116 6234112 47.7+58 83492 60.2+9.8
SZ —49.0+5.1 56482 641470 456+69 104494 612492
40 Hz HC —483+39 204+11.2 61.7+95 52.1+52 85+99 60.247.7
SZ —526+48 1.7+£11.1 56.74+12.7 50.4+6.6 6.5+9.1 586+9.7
80 Hz HC —47.7+£6.6 294150 5214158 513472 394152 54.1+128
SZ —535+7.2 66+13.7 542+185 51.1+88 46+171 5424142

The data are given as mean = SD. HC: healthy controls, SZ: patients with schizophrenia

The zero point was the mid-point of the line connecting the bilateral preauricular points. The x-axis was the line from the left to the right with positive values toward the right, the
y-axis was the posterc-anterior line with positive values anteriorly and the z-axis was the ventro-dorsal line with positive values dorsally.
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Fig. 4. Locations of the ASSR sources in one healthy subject, projected onto the appropriate subject's coronal MRI sections. The locations of the ASSR sources are shown for 20 Hz (red
circles), 30 Hz (green), 40 Hz (blue) and 80 Hz (yellow). The right panel is 2 mm posterior to the left one. For 20-Hz ASSR, the coordinates are (inmm): x=—41.2,y=—0.9,2=44.5
in the left hemisphere; x=40.8, y = — 3.2, 7=49.6 in the right. For 30-Hz ASSR, the coordinates are x = —37.2, y = — 0.8, z=42.3 in the left; x =424, y = — 0.3,z =49 in the right.
For 40-Hz ASSR, the coordinates are x=—46.7, y=~2.2, z=35.2 in the left; x=45.8, y= — 2.3, z=48.5 in the right. For 80-Hz ASSR, the coordinates are x= —46.1, y=—1.1,

z=137 in the left; x=60.7, y=—5.9, z=49.6 in the right.

pathology (Crow et al., 1989). In schizophrenia, several studies have
reported possible abnormal language lateralization (Delisi et al,, 1997;
Lennox et al, 1999; Dollfus et al, 2005), abnormal event-related
potential asymmetry (e.g., Onitsuka et al, 2009), and reduced or
reversed anatomical brain volume asymmetry (e.g., Niznikiewicz et al.,
2000). Moreover, our previous study (Hirano et al., 2008) reported that
patients showed opposite hemispheric patterns to normal controls in
evoked oscillatory activity. Schizophrenia pathophysiology may be
characterized by reduced or reversed brain asymmetry neuroanatomi-
cally and neurophysiologically.”

With respect to clinical correlations, increased severity of global
hallucinatory experiences was significantly associated with smaller
left 80-Hz MEG~-ASSR in patients. In a previous study of 80-Hz ASSR,
Hamm et al. (2011) reported that increased severity of negative
symptoms was significantly associated with smaller 80-Hz MEG-ASSR
in schizophrenia. Recently, different mechanisms for the generation of
low and high gamma band oscillations have been proposed. In this
study, the association between 80-Hz ASSR and auditory hallucina-
tions was substantially higher than that for the 20- or 30-Hz ASSR.
This finding may indicate different mechanisms generating low and
high gamma band oscillations.

In reviewing the current study, it is important to point out several
possible limitations. First, the current study cannot answer the
question of whether the abnormal ASSR pattern that was observed
is associated with the progression of schizophrenia during the peri-
and/or post-onset course of illness, or whether it is neurodevelop-
mental in origin, or perhaps a combination of both. Second, although
no ASSR was significantly correlated with neuroleptic dosage, in the
current study we did not exclude any effects of chronic treatment
with neuroleptic medications on ASSR abnormalities in these patients.

Third, the sample examined was predominantly female, and gender
effects thus remain to be investigated. Finally, the association
between reduced left hemisphere 80-Hz ASSRs and auditory
hallucinations should be confirmed in a larger sample.

In summary, the current study highlighted the abnormal 80-Hz
ASSR and provided clear evidence that schizophrenia is characterized
by abnormalities in neural circuitry.
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