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Recent MRI studies have shown that schizophrenia is characterized by reductions in brain gray matter, which
progress in the acute state of the disease. Cortical circuitry abnormalities in gamma oscillations, such as deficits
in the auditory steady state response (ASSR) to gamma frequency (N30-Hz) stimulation, have also been reported
in schizophrenia patients. In the current study, we investigated neural responses during click stimulation by
BOLD signals.
We acquired BOLD responses elicited by click trains of 20, 30, 40 and 80-Hz frequencies from 15 patients with
acute episode schizophrenia (AESZ), 14 symptom-severity-matched patients with non-acute episode schizo-
phrenia (NASZ), and 24 healthy controls (HC), assessed via a standard general linear-model-based analysis.
The AESZ group showed significantly increased ASSR-BOLD signals to 80-Hz stimuli in the left auditory cortex
compared with the HC and NASZ groups. In addition, enhanced 80-Hz ASSR-BOLD signals were associated
with more severe auditory hallucination experiences in AESZ participants. The present results indicate that neu-
ral over activation occurs during 80-Hz auditory stimulation of the left auditory cortex in individuals with acute
state schizophrenia. Given the possible association between abnormal gamma activity and increased glutamate
levels, our data may reflect glutamate toxicity in the auditory cortex in the acute state of schizophrenia, which
might lead to progressive changes in the left transverse temporal gyrus.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In a recent Global Burden of Disease Study, ‘acute’ schizophrenia re-
ceived the highest disability weight out of 220 health state valuations
(0–76, where 0 equals no disability and 1 equals complete disability)
(Salomon et al., 2012). Recentmeta-analyses usingmagnetic resonance
imaging (MRI) show that schizophrenia is characterized by reductions
in gray matter, which occur before full symptom onset and progress
more quickly in the acute exacerbation state (Olabi et al., 2011) and
treatment-resistant state, compared with the treatment-responsive
state (Mouchlianitis et al., 2016). For example, Takahashi et al. (2010)
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reported that first-episode schizophrenia and schizotypal patients
showed significant decreases in gray matter volume in the left trans-
verse temporal gyrus and left planum temporale approximately 2–
7 years after an initial assessment, compared with control samples. Al-
though the precise neurobiological mechanisms underlying progressive
deterioration in the left transverse temporal gyrus and left planum
temporale in schizophrenia are unknown, a growing body of work has
implicated abnormal excitatory amino acid neurotransmission, possibly
mediated by a deficit in recurrent inhibition (Coyle and Konopaske,
2016). Although controversial, this mechanism could elicit ongoing,
use-dependent cellular damage mediated via excitotoxic effects. In in
vivo studies, increased glutamate levels appear to feature early in the
course of illness, rather than during chronic schizophrenia (Marsman
et al., 2013). However, glutamate production and toxicity may play a
role in the acute state of schizophrenia.

Schizophrenia is also characterized by abnormalities in the cortical
circuitry underlying gamma oscillations elicited by a variety of stimuli
and tasks (Uhlhaas et al., 2010). Especially, individualswith schizophrenia
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Relationships between fMRI signals and electrophysiological responses for auditory
steady state response (ASSR). A. BOLD percent signal change of the left auditory cortex to
the 80-Hz ASSR (blue) in healthy controls. Arrows indicate ASSR-BOLD in ASSR stimuli.
During 15 s of stimulation, 15 click trains are presented as indicated at the bottom. B.
Electroencephalographic response to 80-Hz click stimulation obtained from one healthy
subject in an independent session. Arrows indicate evoked γ (red) and spontaneous γ
(purple) in EEG. Total power includes both spontaneous γ activity (not phase locked to
stimulus onset) and evoked γ activity (phase locked to stimulus onset). The 80-Hz
ASSR-stimuli indicated at the top are 1-ms clicks. The duration of the click trains and the
inter-train interval was 500 ms.
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exhibit deficits in the auditory steady state response (ASSR) induced by
gamma frequency (N30-Hz) stimulation. In healthy individuals, the
ASSR contains resonant frequencies around 40-Hz and 80-Hz, with a larg-
er power at 40-Hz (Sivarao, 2015). The power of the ASSR is enhanced at
these frequencies. At the cellular level, the generation andmaintenance of
gamma oscillations critically depend on networks of fast-spiking
parvalbumin-expressing gamma aminobutyric acid (GABA)-ergic inter-
neurons (Owen et al., 2016). In addition, N-methyl-D-aspartate receptor
(NMDAR) signaling in parvalbumin-expressing GABAergic interneurons
is critical for the regulation of spontaneous (non-stimulus locked) and
evoked gamma oscillations (Carlen et al., 2012). ASSR deficits in individ-
uals with chronic schizophrenia have been correlated with reduced
evoked gamma responses (Tsuchimoto et al., 2011) and increased spon-
taneous gamma activities (Hirano et al., 2015) during auditory stimula-
tion, indicating that neural circuitry abnormalities in schizophrenia
patients may be associated with an imbalance between excitatory gluta-
mate and inhibitory GABA neurotransmission. Thus, it is important to in-
vestigate both evoked gamma responses and spontaneous gamma
activities during auditory stimulation in this population.

Although most ASSR studies have used electroencephalography
(EEG) and megnetoencephalography (MEG), hemodynamic signals
have been found to strongly correlate with synchronized gamma oscil-
lations (Niessing et al., 2005). Niessing et al. reported that hemodynam-
ic responses were significantly and positively correlated with neuronal
synchronization in the gamma range (52–90 Hz) in the visual cortex
of cats. More recently, specific gamma-BOLD correlations have been re-
ported in humans during a cognitive visual attention task (Scheeringa et
al., 2011). Other reports (Logothetis et al., 2001, 2010; Kayser et al.,
2004; Goense and Logothetis, 2008; Murayama et al., 2010;
Scholvinck et al., 2010) have consistently demonstrated the significant
involvement of gamma oscillations in neurovascular coupling. In addi-
tion, Kann et al. (2011) reported that gamma band neural oscillations
were particularly associated with higher mitochondrial oxidative me-
tabolism,which is characterized byhigher oxygen consumption andmi-
tochondrial gene expression, indicating significant associations
between gamma oscillations and BOLD signals. Therefore, we consider
functional MRI (fMRI) to be suitable for evaluating evoked gamma and
spontaneous gamma oscillations during periodic click stimuli by blood
oxygenation level dependent (BOLD) signals (Fig. 1 shows the relation-
ships between fMRI signals and electrophysiological responses for
ASSR).

In this study, we examined beta (ASSR to 20-Hz click trains), low
gamma (ASSR to 30 and 40-Hz click trains), and high gamma (ASSR to
80-Hz click trains) ASSR-BOLD signals in healthy controls (HC), patients
with acute episode schizophrenia (AESZ), and patients with non-acute
phase schizophrenia (NASZ). We sought to clarify whether ASSR-
BOLD signals would be altered in patients with schizophrenia, and we
compared the AESZ and NASZ groups. Given the potential for increased
spontaneous gamma activities during auditory stimulation in the acute
state, we hypothesized that BOLD signals elicited by the higher frequen-
cy periodic click stimuli would be elevated in the AESZ but not theNASZ
group.

2. Materials & Methods

2.1. Participants

Demographic and clinical data are shown in Table 1. The sample
consisted of 24 HC, 15 AESZ, and 14 symptom-severity-matched NASZ
subjects. All subjects had normal hearing, were between 25 and
59 years of age, and were right-handed (Oldfield, 1971). After receiving
a complete description of the study, all participants signed an informed
consent form according to the regulations of the Ethics Committee of
the National Hospital Organization Hizen Psychiatric Center. Healthy
controls were screened using the Structured Clinical Interview (SCID)-
non-patient edition (First et al., 2002a, 2002b). No healthy controls or
their first-degree relatives had an Axis-I psychiatric disorder. The exclu-
sion criteria were: 1) neurological illness or major head trauma, 2) pre-
vious treatment with electroconvulsive therapy, 3) alcohol or drug
dependence, 4) alcohol or drug abuse within the past 5 years, and 5) a
verbal intelligence quotient below 75.

All patients were recruited from National Hospital Organization
Hizen Psychiatric Center and were diagnosed based on the SCID-DSM
IV-TR, Research Version (First et al., 2002a, 2002b) and information
from patient medical records. Based on previous studies, we operation-
ally defined an acute exacerbation episode as that occurring within
4weeks of psychiatric hospitalization, and a non-acute phase as that oc-
curring at least 4 weeks after psychiatric hospitalization (Hatta and Ito,
2014; Mitra et al., 2015; Li et al., 2016). All AESZ and 11 NASZ partici-
pants were inpatients, and 3 NASZ participants were outpatients. The
patients were assessed using the Positive and Negative Syndrome
Scale (PANSS) (Kay et al., 1987) and the Brief Psychiatric Rating Scale
(BPRS) (Bell et al., 1992).

2.2. Stimuli and Procedure

Following a hearing test, participants were asked to lay supine
inside an MRI scanner while wearing head-phones. The head of
each participant was restrained via padding behind the neck and
between the head and the coil. Participants were asked to keep
their head still inside the scanner and to focus on a fixation cross
presented on a screen. All auditory stimuli were delivered binaurally
through the head-phones.

We presented auditory stimulation using a 4-min-block-design
paradigm with 8 blocks of 15 s of rest (stimulation OFF) and 15 s of



Table 1
Demographic and clinical characteristics of the study groups.

HC NASZ AESZ χ2, F or t df p-Value

Male/female, n 12/12 7/7 6/9 0.43 2 0.80
Age (years) 38.8 ± 11.8 44.1 ± 9.2 36.9 ± 10.1 1.76 2,50 0.18
Handedness 96.3 ± 9.5 97.5 ± 5.1 86.23 ± 25.3 2.63 2,50 0.08
SES 1.8 ± 0.8 3.5 ± 0.8 2.9 ± 0.9 21.33 2,50 b0.001
Onset age (years) 29.3 ± 12.1 24.1 ± 5.1 1.53 27 0.14
Duration of illness (months) 175.9 ± 2.5 146.0 ± 114.9 0.76 27 0.45
PANSS-total 42.6 ± 12.9 41.3 ± 15.3 0.36 27 0.73

Positive 23.1 ± 8.1 22.6 ± 8.4 0.15 27 0.88
Negative 18.4 ± 5.7 17.4 ± 6.4 0.46 27 0.65

BPRS-total 65.0 ± 18.5 59.1 ± 19.3 0.84 27 0.41
Chlorpromazine equivalents (mg) 416.8 ± 355.5 615.0 ± 243.1 −1.76 27 0.09

Values aremean± SDunless otherwise noted. HC=healthy controls; NASZ=non-acute phase schizophrenia; AESZ= acute episode schizophrenia; SES= socioeconomic status; PANSS
= positive and negative syndrome scale; BPRS = brief psychiatric rating scale.
Patientsweremedicatedwith antipsychotics (only atypical: 8 NASZ, 9 AESZ; only typical: 1 NASZ, 0 AESZ; both atypical and typical: 4 NASZ, 5 AESZ), and unmedicatedwith antipsychotics
(1 NASZ, 1 AESZ). Within each group, the following numbers of subjects received additional medications: mood stabilizers: 3 NASZ, 2AESZ; anti-anxiolytic drugs: 10 NASZ, 7 AESZ.
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stimulation including 15 click trains (stimulation ON). In total, we pre-
sented 120 click trains for each fMRI session. We conducted four fMRI
sessions with different sound stimuli for each subject. The stimuli
were 1-ms clicks, presented binaurally as trains of clicks for each fre-
quency (20, 30, 40, and 80-Hz). Both the duration of the click trains
and the inter-train interval were 500 ms, and the click trains were pre-
sentedwith an intensity of 80-dB sound pressure level. The order of ses-
sions was counterbalanced across subjects.

2.3. Data Acquisition

We conducted MRI using a 1.5-T Philips scanner with a standard
head coil, located at the National Hospital Organization Hizen Psychiat-
ric Center. We used standard sequence parameters to obtain functional
images, as follows: gradient-echo echo-planar imaging (EPI); repetition
time (TR)=3000ms; echo time (TE)=45ms; flip angle=90°;field of
view (FOV) = 230 × 230 mm; matrix = 64 × 64; 60 axial slices with a
slice thickness of 4mmwith no slice gap.We acquired a high-resolution
T1-weighted 3D anatomical image for each participant between the
functional data trials.

2.4. Image Processing

Raw image DICOM files were converted to the NIFTI format using
MRIConvert (Version 2.0, Lewis Center for Neuroimaging, Oregon).
Image processing and statistical analyses were performed using the sta-
tistical parametric mapping software SPM8 (Wellcome Department of
Cognitive Neurology, London, United Kingdom) with Matlab R2014a
(The Math Works Inc., Natick, MA). The first five volumes of each EPI
image runwere excluded to allow theMR signal to reach a state of equi-
librium. All volumes of functional EPI images were realigned to the first
volume of each session to correct for subject motion, and the mean
functional EPI image was then spatially co-registered with the anatom-
ical T1 images. Each co-registered T1-weighted anatomical image was
normalized into a standard T1 template image (ICBM 152), which de-
fined the Montreal Neurological Institute (MNI) space. The parameters
from this normalization process were then applied to each functional
image. The normalized functional images were smoothed with a 3D 8-
mm full-width half-maximum (FWHM) Gaussian Kernel. Time series
data at each voxel were temporally filtered using a high pass filter
with a cutoff of 128 s.

2.5. Statistical Analysis

We used one-way analyses of variance (ANOVA), chi-squared
tests, and t-tests to assess group differences in the demographic
variables.
We performed fMRI statistical analysis on the preprocessed EPIs
with the general linear model (GLM) using a two-level approach
(Friston et al., 1994). Themodel consisted of boxcar functions convolved
with the canonical hemodynamic response function, and then used as
the regressors for the regression analysis. The six headmotion parame-
ters, derived from the realignment processing, were also used as regres-
sors to reduce the motion related artifacts. On the first level of analysis,
individual contrast images for each stimulus versus rest were computed
and taken to the second level for random-effects inference. On the sec-
ond level, contrast images for stimuli as the within-subject factors were
submitted to three groups (HC, NASZ, AESZ) as the between-subject fac-
tors full-factorial ANOVA. All fMRI results are reported at a significance
level of p b 0.05, family-wise error (FWE)-corrected (voxel-level
corrected), or p b 0.05, FWE cluster-corrected across the whole brain
with the initial voxel threshold at p b 0.001, uncorrected. To determine
the direction of the frequency-by-group interaction, we extracted con-
trast values by identifying the primary auditory cortex and Brodmann
areas 41 and 42 as regions of interest (ROI)s using MarsBar (http://
marsbar.sourceforge.net). We chose these areas because the ASSR is re-
portedly evoked in or near the primary auditory cortex (Herdman et al.,
2003; Ross et al., 2005). The resulting contrast values were subjected to
ANOVA in SPSS with the three groups (HC, NASZ, AESZ) for each ROI,
and we used Bonferroni post-hoc tests to test the differences between
the groups.

To visualize the time-course of the responses in each ROI, we fitted a
finite impulse response (FIR)model (Dale, 1999; Ollinger et al., 2001) in
MarsBar to the data. This involved using a linear model to provide unbi-
ased estimates of the average signal intensity at each time pointwithout
making a priori assumptions about the shape of the hemodynamic re-
sponse (HDR). We modeled seven time-windows of every 3 s (corre-
sponding to the TR), time-locked to the onset of the first auditory
stimulation. The average signal used in this calculation is based on fre-
quency and is identified as the value of percent signal change for the
mean column of the SPM regression analysis. We performed a repeat-
ed-measures ANOVA with time window (0–3, 3–6, 6–9, 9–12, 12–15,
15–18, and 18–21 s) as a within-subjects factor and group (HC, NASZ,
AESZ) as a between-subjects factor. The resulting percent signal change
values were subjected to a three group (HC, NASZ, AESZ) ANOVA in
SPSS, and we used Bonferroni post-hoc tests to assess the differences
between groups. We applied the Greenhouse–Geisser correction for in-
homogeneity of variance for factorswith N2 levels, as reflected in the re-
ported p values.

For the period with the largest main effect of group during auditory
stimulation, we performed correlational analyses between hallucina-
tion scores in the PANSS (all AESZ patients had auditory hallucinations)
and BOLD percent signal changes. Effect sizes are expressed as Cohen's
d. The Spearman's rho was used for correlational analysis. For all
statistical tests, α was 0.05.

http://marsbar.sourceforge.net
http://marsbar.sourceforge.net


Fig. 2. Regions where significant group-by-frequency interactions were revealed by fMRI
analyses. Colored bars represent the F-values of the interactions (cluster-level FWE
corrected p b 0.05).
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3. Results

3.1. Demographics

We found no significant group differences in the demographic data
except in terms of SES, consistent with reduced functioning due to
schizophrenia (Table 1).

3.2. Mean ASSR-BOLD

3.2.1. Main Effect of Group and Stimulation
Our full-factorial ANOVA revealed no significant group differences.

Themain effect of frequencywas associatedwith significant bilateral ac-
tivity in Brodmann areas 41 and 42 (left: −54, −26, 6, cluster size =
656, F[3200]=15.38, FWE corrected p b 0.001; right: 58,−20, 4, cluster
size = 297, F[3200] = 9.32, FWE corrected p = 0.003), indicating that
the 80-Hz stimulation evoked significantly larger BOLD responses, com-
pared with the other stimulation frequencies. Furthermore, we found
significant group-by-frequency interactions in the left transverse tem-
poral gyrus, including Brodmann areas 41 and 42 (cluster level FWE
corrected p= 0·001), as shown in Fig. 2 and Table 2. Thus, we focused
our remaining analyses on the ASSR-BOLD in Brodmann areas 41 and
42.

3.2.2. ASSR-BOLD Contrast in Brodmann Areas 41 and 42
Fig. 3 shows a scattergram of contrast values of ASSR BOLD for each

stimulus in the left Brodmann areas 41 and 42. A repeated-measures
ANOVA showed no significant main effect of group (F[2, 50] = 2.63,
p = 0.082), but we found a significant main effect of frequency
Table 2
The fMRI result of anatomical regions, seed voxel coordinates (MNI), and F-value for the signifi

Cluster size (mm3) MNI coordinate (mm)

x y z

2040 −48 −30 10
−48 −28 14

Results are thresholded at p b 0.05, cluster-corrected FWE. MNI: Montreal Neurological Institu
(F[3,50]= 10.65, p b 0.001) and a significant frequency-by-group inter-
action (F[3,50]= 5.16, p b 0.001). Follow up one-way ANOVAs revealed
a significant group difference for 80-Hz stimuli (F[2,50] = 8.58, p =
0.001), but not 20-Hz (F[2,50] = 2.09, p = 0.13), 30-Hz (F[2,50] =
1.02, p = 0.37) or 40-Hz stimuli (F[2,50] = 1.08, p = 0.35). Post-hoc
analyses with Bonferroni corrections revealed the following significant
results; AESZ N HC (p = 0.001, d = 1.28) and AESZ N NASZ (p =
0.018, d=1.08) in terms of responses to 80-Hz stimuli. These results in-
dicate that the AESZ group showed significantly increased ASSR-BOLD
signals in response to 80-Hz stimuli compared with the NASZ and HC
groups, while we observed no significant group differences for 20, 30,
or 40-Hz stimuli. Fig. 4 shows the BOLD signals activated by 80-Hz
click stimuli compared with the resting state in the HC, NASZ, and
AESZ groups. Thus, we focused our remaining analyses on a BOLD
time course analysis for 80-Hz ASSR stimuli in the left Brodmann
areas 41 and 42.

3.3. ASSR-BOLD Time Course Analysis in the Left Brodmann Areas 41 and 42

The time course of BOLD percent signal change for 80-Hz ASSR
showed different patterns among groups in the left Brodmann areas
41 and 42 (Fig. 5). Quantitatively, a repeated-measures ANOVA revealed
a significantmain effect of group (F[2,50]=7.755, p=0.008) and time-
by-group interactions (F[14,50] = 4.517, p = 0.002). For ANOVAs in
each time window, we found significant main effects of group in the
0–3 s (F[2,50] = 3.951, p = 0.026), 6–9 s (F[2,50] = 7.007, p =
0.002), 9–12 s (F[2,50] = 7.015, p = 0.002), 12–15 s (F[2,50] = 6.153,
p = 0.004), 15–18 s (F[2,50] = 5.042, p = 0.01), and 18–21 s
(F[2,50] = 3.671, p = 0.033) periods. Post hoc tests revealed a signifi-
cant increase in percent signal change in the 9–18 s period in the AESZ
group compared with both the NASZ (9–12 s: p = 0.048, d = 0.95;
12–15 s: p = 0.006, d = 1.16; 15–18 s: p = 0.019, d = 1.12) and HC
groups (9–12 s: p = 0.002, d = 1.14; 121–15 s: p = 0.021, d = 0.92;
15–18 s: p = 0.027, d = 0.84).

3.4. Correlations between the ASSR and Demographic/Clinical
Measurements

Because we observed the largest main effect of group in the 9–12 s
period, we performed correlational analyses between hallucination
scores (0, not present; 7, extremely severe auditory hallucinations) in
the PANSS and BOLD percent signal changes in this period. We hypoth-
esized that 80-HzASSR-BOLDpercent signal changeswould be positive-
ly correlated with hallucinatory scores. In the AESZ group, we found a
significant positive correlation between the BOLD change and auditory
hallucinatory experiences (rho = 0.562, p = 0.029), but not in the
NASZ group (rho = −0.278, p = 0.357) (Fig. 6).

For medication, we found no significant associations between med-
ication dosage and BOLD percent signal change in AESZ
(−0.410 ≤ rho ≤ −0.058, 0.129 ≤ p ≤ 0.839) or NASZ
(−0.231 ≤ rho ≤ 0.240, 0.409 ≤ p ≤ 0.899) patients.

4. Discussion

In this study, we compared the ASSR-BOLD elicited by 20, 30, 40, and
80-Hz click trains in AESZ, NASZ, and HC groups. AESZ patients showed
cant group-by-frequency interactions.

F-value Anatomical region

7.00 Left transverse temporal gyrus/left planum temporale
6.93 Left parietal operculum

te.



Fig. 3. Scattergrams of the BOLD contrast of 20-Hz, 30-Hz, 40-Hz, and 80-Hz ASSR stimulation between healthy controls [(HC); blue squares], non-acute phase schizophrenia patients
[(NASZ); green squares], and acute episode schizophrenia patients [(AESZ); red squares]. The AESZ group showed significantly increased ASSR-BOLD signals to the 80-Hz stimuli
compared with the NASZ (*p = 0.018, d = 1.08) and HC groups (**p = 0.001, d = 1.28). The BOLD contrast refers to the beta-weight of the event of interest. Horizontal lines indicate
group means.
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significantly increased ASSR-BOLD signals to 80-Hz stimuli compared
with NASZ and HC in the left auditory cortex, while NASZ patients
were not significantly different fromHC for any stimuli. These results in-
dicate that schizophrenia patients in the acute state exhibit
overactivation of the left auditory cortex during 80-Hz auditory stimu-
lation. With respect to clinical correlations, we found that a higher se-
verity of global auditory hallucinatory experiences was associated
with a larger BOLD percent signal change in the left auditory cortex in
the AESZ group.

As noted in the introduction section, fMRI can be used to detect both
evoked and spontaneous gamma activities during auditory stimulation,
and increased spontaneous gamma responses have previously been re-
ported in patients with schizophrenia (Hirano et al., 2015). The present
results indicate that schizophrenia patients in the acute state exhibit an
overall increase in neural activation in the left auditory cortex during
80-Hz auditory stimulation. Considering the potential association be-
tween abnormal spontaneous gamma activities and increased gluta-
mate levels, our data might reflect glutamate toxicity in the left
auditory cortex in the acute state of schizophrenia,whichmay then trig-
ger progressive changes in the left transverse temporal gyrus and left
planum temporale.

Accumulating EEG and MEG evidence indicates that patients with
schizophrenia show reduced gamma band ASSR in the chronic state
(e.g., Kwon et al., 1999; Carlen et al., 2012; O'Donnell et al., 2013) and
Fig. 4. Results of BOLD signals activated by 80-Hz click stimuli compared with resting states. (
p b 0.001). (B) Non-acute phase schizophrenia patients (NASZ), (peak: left transverse temp
temporal gyrus, [64,−22, 8], t = 5.18, p b 0.001). (C) Acute episode schizophrenia patients (A
p b 0.001) (peak: right planum temporale, [54, −20, 8], t = 6.28, p b 0.001). Colored bars re
listed in Montreal Neurological Institute coordinates.
during the first episode (e.g., Tada et al., 2014). In the present study,
however, we found significantly increased ASSR-BOLD signals in re-
sponse to 80-Hz but not 40-Hz stimuli. Rivolta et al. (2015) reported
that resting-state spontaneous neural oscillations in the gamma fre-
quencies were increased by ketamine. NMDAR antagonists increase py-
ramidal cell activity and extracellular glutamate levels (Homayoun and
Moghaddam, 2007), and blocking the NMDARwith ketamine can cause
schizophrenia-like symptoms, including cognitive dysfunction, in
healthy subjects (Krystal et al., 1994; Fletcher and Honey, 2006). Re-
cently, high gamma (N60-Hz) band oscillations have become an in-
creasingly frequent subject of interest. For example, Uhlhaas et al.
(2011) reported that high gammaband activitiesmay be a fundamental
aspect of temporal coding in cortical networks. Although the ASSR-
BOLD may not independently reflect cognitive processes, this may be
the case for the 80-Hz ASSR, as basic neural circuits that predominantly
oscillate at high gamma frequencies might be more strongly implicated
in cognitive processes. In another resting-state EEG study, Mitra et al.
(2015) reported that patients with schizophrenia at the untreated
acute stage showed significantly higher spontaneous activities in high
gamma (70 to 100-Hz) band, but not low gamma band. Given the ques-
tion of why we only found hyperactivation for the 80-Hz stimuli, it is
possible that increased spontaneous gamma activities are more appar-
ent for 80-Hz compared with 40-Hz stimuli in the AESZ group. Alterna-
tively, theremay be a strong association between BOLD signals and high
A) Healthy controls (HC), (peak: left transverse temporal gyrus, [−54, −20, 4], t = 6.00,
oral gyrus/planum temporale, [−56, −20, 6], t = 5.98, p b 0.001) (peak: right superior
ESZ) (peak: left transverse temporal gyrus/planum temporale, [−48, −28, 12], t = 8.43,
present the t-value of the contrast (FWE corrected, p b 0.05). The [x, y, z] locations are



Fig. 5. The time course of the 80-Hz ASSR-BOLDpercent signal change. The x-axis indicates
time (s), and the y-axis indicates BOLD percent signal change. The blue dotted line, green
line, and red line indicate the 80-Hz ASSR-BOLD percent signal change in the HC, NASZ,
and AESZ groups, respectively. The AESZ group showed a significantly increased BOLD
response from 9 to 18 s (*p b 0.05, corrected) compared with both the NASZ and HC
groups.
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gamma band electrophysiological activities. The 80-Hz stimulationmay
be a resonant frequency for ASSR-BOLD responses in the AESZ group,
resulting in hyperactivation for the 80-Hz stimuli only.

Given the present data, we are not able to explain why the left audi-
tory cortexwas overactivated during 80-HzASSR stimulation. However,
the left and right transverse temporal gyri and left planum temporale
have some differential cytoarchitectonic features (Seldon, 1981;
Hutsler and Gazzaniga, 1996) thatmay be implicated in lateralized acti-
vation. Previously, our group reported left-lateralized abnormally-
evoked gamma oscillations to vowel sounds in patients with schizo-
phrenia (Hirano et al., 2008). Additionally, Dierks et al. demonstrated
increased fMRI activation in the left transverse temporal gyrus during
auditory hallucinations in right-handed individuals with schizophrenia
(Dierks et al., 1999). In the current study, increased severity of global
auditory hallucinatory experiences was associated with larger BOLD
Fig. 6. Correlations between auditory hallucination symptom scores and BOLD percent signal ch
AESZ (right). Although we used Spearman's rho to test statistical significance due to the small
percent signal changes in the left auditory cortex in the AESZ group.
Thus, the present results may support the view that the left auditory
cortex is the site of defective anatomical substrate associatedwith audi-
tory hallucinations in acute schizophrenia.

We found group differences in the time course of alterations in
ASSR-BOLD. Specifically, we found that, unlike the NASZ and HC groups,
the AESZ group exhibited a BOLD increase in high gamma-band ASSRs,
especially during the period from 9 to 18 s after the onset of 80-Hz stim-
uli. In the HC group, BOLD signals decreased from 6 to 9 s for the same
stimuli. This phenomenon may be associated with ASSR habituation,
as demonstrated by an exponential electrophysiological decrease fol-
lowing repeated exposure to stimuli in rats (Prado-Gutierrez et al.,
2015). Indeed, AESZ patients may show delayed habituation to 80-Hz
stimuli; however, further studies will be needed to clarify this issue.

In interpreting the current study, it is important to consider several
possible limitations. First, ASSR-BOLD responses are involved not only
in gamma band activities, but broadband activities as well. However,
only gamma band oscillations have been highly correlated with hemo-
dynamic responses (Niessing et al., 2005). The 80-Hz stimulation may
be a resonant frequency with respect to the activation of ASSR-BOLD
signals. Future studies should investigate this using simultaneous EEG-
fMRI recordings. Second, our sample size was relatively small (24 HC,
14 NASZ, and 15 AESZ participants), partially due to the challenges of
scanning schizophrenia patients in the acute phase. The association be-
tween 80-Hz ASSR-BOLD signals and auditory hallucinatory experi-
ences should be confirmed in a larger sample.

In summary, we found that AESZ patients showed significantly in-
creased BOLD signals during an 80-Hz ASSR compared with NASZ and
HC participants. This neural overactivation in patients in the acute
state of schizophrenia might be related to the pathophysiology of
schizophreniawith respect to glutamate toxicity in the left auditory cor-
tex. Thus, the observed increase in BOLD signal patterns during 80-Hz
ASSR may represent clinically relevant outcome predictors, leading to
new therapeutic options.
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