
ARTICLE

A distributed frontotemporal network underlies gamma-band
synchronization impairments in schizophrenia patients
Daisuke Koshiyama1, Makoto Miyakoshi2, Yash B. Joshi1,3, Juan L. Molina1, Kumiko Tanaka-Koshiyama1, Joyce Sprock1, David L. Braff1,
Neal R. Swerdlow 1 and Gregory A. Light1,3

Synaptic interactions between parvalbumin-positive γ-aminobutyric acid (GABA)-ergic interneurons and pyramidal neurons evoke
cortical gamma oscillations, which are known to be abnormal in schizophrenia. These cortical gamma oscillations can be indexed
by the gamma-band auditory steady-state response (ASSR), a robust electroencephalographic (EEG) biomarker that is increasingly
used to advance the development of novel therapeutics for schizophrenia, and other related brain disorders. Despite promise of
ASSR, the neural substrates of ASSR have not yet been characterized. This study investigated the sources underlying ASSR in healthy
subjects and schizophrenia patients. In this study, a novel method for noninvasively characterizing source locations was developed
and applied to EEG recordings obtained from 293 healthy subjects and 427 schizophrenia patients who underwent ASSR testing.
Results revealed a distributed network of temporal and frontal sources in both healthy subjects and schizophrenia patients. In both
groups, primary contributing ASSR sources were identified in the right superior temporal cortex and the orbitofrontal cortex. In
conjunction with normal activity in these areas, schizophrenia patients showed significantly reduced source dipole density of
gamma-band ASSR (ITC > 0.25) in the left superior temporal cortex, orbitofrontal cortex, and left superior frontal cortex. In
conclusion, a distributed network of temporal and frontal brain regions supports gamma phase synchronization. We demonstrated
that failure to mount a coherent physiologic response to simple 40-Hz stimulation reflects disorganized network function in
schizophrenia patients. Future translational studies are needed to more fully understand the neural mechanisms underlying
gamma-band ASSR network abnormalities in schizophrenia.
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INTRODUCTION
The gamma-band auditory steady-state response (ASSR) is a
robust biomarker that is increasingly studied in neuropsychiatric
disorders [1, 2]. Galambos et al. [3, 4] and Makeig [5] first
demonstrated that gamma oscillations measured by scalp
electroencephalography (EEG) recordings in response to 40-Hz
stimulation represent a preferred resonance frequency to
investigate auditory information processing in humans; smaller
responses were observed in response to lower or faster rates of
stimulation. Kwon et al. [6] performed the first study of 40-Hz ASSR
in schizophrenia patients using EEG and found selectively reduced
power and synchronization in response to 40-Hz stimulation. This
initial finding has been replicated and extended in many
subsequent studies using EEG [7–16] or magnetoencephalography
(MEG) [17–21], including findings relating ASSR dysfunction to
important domains of cognitive and psychosocial functioning in
schizophrenia patients [11, 13, 14]. A recent meta-analysis
confirmed that the 40-Hz ASSR is a robust index of gamma
synchronization deficits in schizophrenia patients [22]. Altered 40-
Hz ASSR has also been reported in patients with neuropsychiatric
disorders other than schizophrenia, including bipolar disorder
[12, 23–27], autism spectrum disorder [21, 28], as well as 22q11.2
deletion syndrome [29].

Synaptic interactions between parvalbumin-positive γ-amino-
butyric acid (GABA)-ergic interneurons and pyramidal neurons
evoke cortical gamma oscillations [30, 31]. Abnormalities in
parvalbumin-positive GABAergic interneurons, such as reduced
expression of the GABA-synthesizing enzyme glutamic acid
decarboxylase 67 (GAD67) [32] and parvalbumin [33] in cortical
interneurons have been observed in postmortem brains of
individuals with schizophrenia. In parallel, animal models of
schizophrenia suggest that altered N-methyl-D-aspartate (NMDA)
receptor signaling onto parvalbumin-positive interneurons results
in gamma oscillation deficits in cortical microcircuits [34, 35]. Thus,
a clearer mechanistic explanation of how gamma oscillations are
evoked in response to steady-state stimulation has already
advanced our understanding of GABAergic interneuron dysfunc-
tion in schizophrenia [36, 37] and improved the potential use of
ASSR biomarkers in the development of novel therapeutics for
central nervous system disorders [38]. Still, crucial knowledge gaps
exist in fully understanding ASSR and its implications for the
pathogenesis of neuropsychiatric disorders.
Despite interest in the use of ASSR as a translational biomarker,

there is limited information about the primary sources that
underlie ASSR generation [39, 40]. Tada et al. [40] investigated the
temporal response dynamics of gamma-band ASSR across
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spatially distributed cortical surfaces in humans using electro-
corticography (ECoG). They demonstrated prominent increases of
gamma oscillations in primary auditory cortex (A1) and sensor-
imotor cortex as well as moderate increases of activity at
prefrontal gyrus. Although the findings from Tada et al. [40] were
from patients undergoing neurosurgical interventions for treat-
ment refractory epilepsy, they nevertheless confirmed that these
locations (primary auditory cortex, sensorimotor cortex, and
prefrontal gyrus) are critical generators of ASSR in humans [40].
The loci underlying ASSR abnormalities in schizophrenia and their
contributions to deficits in the generation of evoked gamma-band
oscillatory activity remains unclear.
To address the issue of loci that underlie ASSR generation, a

novel computational approach using independent components
analysis (ICA) was developed to maximally leverage spatiotem-
poral relationships contained in multichannel scalp EEG record-
ings [41, 42]. ICA modeling facilitates the functional segregation of
the multiple source interactions underlying ASSR generation in
both temporal and spatial domains. In the current study, we
applied a noninvasive blind-source separation approach to EEG
source modeling in order to characterize the neural substrates
underlying normal and impaired gamma-band ASSR in healthy
subjects and schizophrenia patients. In addition, to test effects of
medication, we applied the same analysis to the subset of patients
who were not prescribed antipsychotics. Furthermore, we
performed exploratory analyses to show correlations of gamma-
band ASSR at each estimated location with clinical symptoms,
neurocognitive function, and functional outcomes in schizophre-
nia patients.

MATERIALS AND METHODS
Subjects
Participants included 293 healthy comparison subjects and
427 schizophrenia patients (Supplementary Table 1). Healthy
comparison subjects were recruited through internet advertise-
ments. Patients were recruited from community residential
facilities and via clinician referral, and diagnosed using a modified
version of the Structured Clinical Interview for DSM-IV-TR (SCID).
Antipsychotic medications were prescribed for 389 schizophrenia
patients and were not for 35 patients (3 patients did not provide
antipsychotic medication data). Exclusion criteria is shown in
Supplementary Method 1. Written informed consent was obtained
from each subject. Audiometric testing was used to ensure that all
participants could detect 1000-Hz tones at 40 dB and to exclude
mild hearing losses [43]. The Institutional Review Board of
University of California San Diego approved all experimental
procedures (071128, 071831, 170147). Details of assessment of
cognition, clinical symptoms and functional outcomes are shown
in Supplementary Method 2.

Stimuli and procedures
Auditory steady-state stimuli were presented to subjects by means
of foam insert earphones (Model 3A; Aearo Company Auditory
Systems, Indianapolis, Indiana). The stimuli were 1-millisecond, 93-
dB clicks presented at 40 Hz in 500-millisecond trains (Fig. 1). A
block typically contained 200 trains of the clicks with 500-ms
intervals. During the session, participants watched a silent cartoon
video.

Electroencephalography recording and preprocessing
EEG data were continuously digitized at a rate of 1000 Hz (nose
reference, forehead ground) using a 40-channel Neuroscan system
(Neuroscan Laboratories, El Paso, Texas). The electrode montage
was based on standard positions in the International 10–5
electrode system [44] fit to the Montreal Neurological Institute
(MNI) template head Collins27 used in EEGLAB [45], including
AFp10 and AFp9 as horizontal EOG electrodes, IEOG and SEOG
above and below the left eye as vertical EOG electrodes, Fp1, Fp2,
F7, F8, Fz, F3, F4, FC1, FC2, FC5, FC6, C3, Cz, C4, CP1, CP2, CP5, CP6,
P7, P3, Pz, P4, P8, T7, T8, TP9, TP10, FT9, FT10, PO9, PO10, O1, O2,
and Iz. Electrode-to-skin impedance mediated by conductive gel
was brought below 4 kΩ. The system acquisition band pass was
0.5–100 Hz. Offline, EEG data were imported to EEGLAB 14.1.2 [46]
running under Matlab 2017b (The MathWorks, Natick, MA). Data
were high-pass filtered [finite impulse response (FIR), Hamming
window, cutoff frequency 0.5 Hz, transition bandwidth 0.5].
EEGLAB plugin clean_rawdata() including Artifact Subspace
Reconstruction (ASR) was applied to reduce high-amplitude
artifacts [47–52]. The parameters used were: flat line removal,
10 s; electrode correlation, 0.7; ASR, 20; window rejection, 0.5.
Mean channel rejection rate was 4.2% (SD 2.3, range 0–15.8).
Mean data rejection rate was 2.0% (SD 3.5, range 0–22.4). The
rejected channels were interpolated using EEGLAB’s spline
interpolation function. Data were re-referenced to average.
Adaptive mixture ICA [41, 53, 54] was applied to the preprocessed
scalp recording data to obtain temporally maximally independent
components (ICs). For scalp topography of each IC derived,
equivalent current dipole was estimated using Fieldtrip functions
[55]. For scalp topographies more suitable for symmetrical
bilateral dipoles, two symmetrical dipoles were estimated [56].
To select brain ICs among all types of ICs, EEGLAB plugin ICLabel()
was used [57]. The inclusion criteria were 1) ‘brain’ label
probability > 0.7 and 2) residual variance i.e., var((actual scalp
topography) – (theoretical scalp projection from the fitted
dipole))/var(actual scalp topography) <0.15. Continuous EEG data
were segmented into epochs that started at –250ms and end at
750ms relative to stimulus onset.
To perform single-trial rejection, for each of k epochs, single-

trial power spectral density (PSD) was calculated. There were m
frequency bins between 15 and 35 Hz. Z-scored PSD error from

Fig. 1 Gamma-band (40 Hz) auditory steady-state response paradigm.
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median was calculated as follows.

zscored PSD error ¼ zscore
1
m

Xm

j¼1

PSDj;k �median PSDj
� �� �

 !
:

For the distribution of the obtained k Z-scored PSD error values,
threshold was applied so that epochs with Z-score > 2 were
selected for rejection. The final processed data had a mean of
158.6 trials (SD 18.4).

Dipole density analyses
Inter-trial phase coherence (ITC) [58, 59] was calculated for each IC
using Short-term Fourier Transform with window size of 64 points
(256ms) supported by newtimef() included in EEGLAB [46]. ITC is
defined as:

ITCðfÞ ¼ 1
N

XN

i¼1

ZiðfÞ
ZiðfÞj j

�����

�����;

where N is the number of trials, Z is complex Fourier spectra for
frequency f. There were 64 frequency bins linearly distributing
from 5 to 55 Hz. The maximum ITC value within 0–500 ms and
35–45 Hz were picked up and served as representative value for
each IC. The wide range of the time window was because we did
not have prior knowledge of peak ITC latency for each IC. Out of
9337 brain ICs [3889 Control, 5448 Schizophrenia (Sz)], ICs with
peak ITC value > 0.25 were defined as ASSR responders [11, 15]
and selected for further analysis resulting in a remaining 3131 ICs
(1402 Control, 1729 Sz). The cutoff threshold of ITC > 0.25 was
equivalent to 64 and 68 percentiles of peak ITC distributions for
the control and schizophrenia groups, respectively.
For the preselected dipoles, their locations in 2 × 2 × 2mm

voxels in the MNI template head model were converted into
multivoxel dipole density by applying 3-D Gaussian kernel (full
width at half maximum, FWHM= 20mm). Then, the grand-mean
whole-brain dipole density data structure was generated for each
group separately. These dipole density structure represent
probabilistic distribution of IC responders to ASSR. To determine
meaningful group differences, we took nonparametric statistical
testing approach. First, subtraction was made between the two
dipole density structures for each group that generated true
group difference in dipole density. For the distribution of the true
dipole density difference, we set a cutoff threshold of uncorrected
p < 0.01 (two tailed) to generate an uncorrected significance mask.
As a result, seven source clusters were found. Mean dipole density
within each of the source cluster was calculated as true group
difference in cluster mean, which were to be tested against the
subsequently generated surrogate distribution. The same proce-
dure was performed but randomly permuting the group labels to
build surrogate group data. Surrogate group difference in dipole
density was calculated. The uncorrected significance mask was
applied to the surrogate group difference structure to obtain
mean dipole density values from the seven source clusters.
This procedure was repeated 5,000 times. For each iteration,
surrogate group differences of the mean dipole densities within
the significance masks across the groups was calculated. Across
the seven significance masks, the maximum statistics obtained
was stored. Thus the distribution of 5,000 surrogate maximum
statistics was constructed. Each of the true group difference values
in cluster mean was tested against 95 percentile of the distribution
of the surrogate group difference in cluster mean. This procedure
provides multiple comparison correction at one-tail p < 0.05. As a
result, six out of seven clusters survived the statistical test with
multiple comparison correction using strong familywise error rate
(FWER) control. These processes determine source clusters that
showed statistically significant group differences in IC dipole
density that showed dominant response to ASSR. For the
significant six source clusters, their anatomical locations were

determined by using MNI-Talairach Converter 1.09 http://
sprout022.sprout.yale.edu/mni2tal/mni2tal.html [60].
To obtain time-frequency decomposed ITC for post hoc

analyses, a spherical inclusion mask was set for the 6 source
clusters. The radius of the sphere was set to be 17mm from
following calculation: given FWHM= 20mm, Gaussian σ is 8.5
mm, with which we applied truncation at 2σ. ICs whose ITC in the
gamma-band rage showed peak value > 0.25 and those that are
included within the sphere were included for calculating group
difference in ITC. For testing the group difference, a time window
of 0–500ms and a frequency window of 35–45 Hz were set as
time-frequency window of interest, and average value within the
window was calculated. Two-sample t test was used to test the
group difference, and false discovery rate (FDR) [61] was used
to control inflation of Type I error for testing the six source clusters
(p < 0.05, one tailed). In addition, we also calculated event-
related spectral perturbation (ERSP) and performed the same
analysis procedures for supplementary comparisons of ERSP in the
clusters between healthy comparison subjects and schizophrenia
patients.
To test the effect of medication, we applied the same analysis

described above to the subset of patients (N= 35). The same
criteria were applied, and seven source clusters were found. The
same permutation test was applied to test whether any of these
source clusters would survive statistical tests with multiple
comparison correction using strong FWER control at one-tail p <
0.05.

Correlation analyses
We calculated Pearson correlation coefficients of peak ITC in 40-Hz
ASSR at each estimated location with clinical symptoms,
neurocognitive function and functional outcomes in schizophrenia
patients as an exploratory analysis; statistical significance was set
at p < 0.05. Those equivalent current dipoles that were localized
within 2σ (17 mm, given Gaussian distribution with FWHM=
20mm) from centroids of source clusters were included for the
analysis.

RESULTS
Comparison of source dipole density of gamma-band ASSR
(ITC > 0.25) between healthy comparison subjects and
schizophrenia patients
Dipole density plots of ICs showing significant gamma synchro-
nization in healthy comparison subjects and schizophrenia
patients are seen in Fig. 2. In the healthy comparison group,
source clusters were found in the right superior and middle
temporal, orbitofrontal, and bilateral sensorimotor cortices. In the
schizophrenia group, sources were identified in right superior
temporal cortex, orbitofrontal, bilateral sensorimotor cortices, and
middle cingulate cortex. These single-group results represent
99th-percentile thresholded dipole density for each group, and as
such they are reported only to provide descriptive statistics.
Statistical testing of group differences revealed six source

clusters that exhibited a significant reduction of the source density
of gamma-band ASSR in schizophrenia patients. The locations of
the six source clusters were: the right middle/inferior temporal
cortex (cluster volume, 11.6 cc; p= 0.013), left superior/middle/
inferior temporal cortex (5.6 cc; p= 0.027), orbitofrontal cortex
(5.7 cc; p= 0.027), left precuneus (2.2 cc; p= 0.042), right
sensorimotor cortex (8.1 cc; p= 0.020) and left superior frontal
cortex (1.5 cc; p= 0.0497). The results are shown in Fig. 3. MNI
coordinates of the centroid of these regions are summarized in
Table 1.
As post hoc analyses, we compared ITC at the six source clusters

between healthy comparison subjects and schizophrenia patients
(Fig. 4). ITC was significantly reduced at the left superior/middle/
inferior temporal cortex, orbitofrontal cortex, left precuneus, right
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Fig. 2 Source dipole density of gamma-band ASSR (ITC > 0.25) in healthy comparison subjects and schizophrenia patients. ASSR auditory
steady-state response, ITC inter-trial phase coherence.

Fig. 3 Difference of source dipole density of gamma-band ASSR (ITC > 0.25) between the groups [(dipole density in healthy comparison
subjects)− (dipole density in schizophrenia patients)]. ASSR auditory steady-state response, ITC inter-trial phase coherence.
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sensorimotor cortex, and left superior frontal cortex, but not at the
right middle/inferior temporal cortex in schizophrenia patients
compared to healthy comparison subjects. In the additional
analysis using ERSP, there is no significant group difference of
ERSP at the six source clusters (Supplementary Fig. 1).
We tested the group differences only in the patients who were

not prescribed antipsychotics (N= 35). Dipole density of these
patients that consists of ICs with dominant gamma synchroniza-
tion (peak ITC > 0.25) is shown in Supplementary Fig. 2. Applying
p < 0.01 threshold (two tailed, uncorrected) found regions
including orbitofrontal, bilateral sensorimotor cortex and middle
cingulate cortex. The same threshold applied to the group
differences revealed seven source clusters (the right middle/
inferior temporal cortex, left superior/middle/inferior cortex,
orbitofrontal cortex, left angular gyrus, left sensorimotor cortex;
Supplementary Table 2 and Supplementary Fig. 3) that exhibited a
reduction of the source density of gamma-band ASSR in
schizophrenia patients who were not prescribed antipsychotics
(N= 35). However, none of these source clusters survived
permutation test (all p > 0.05, after multiple comparison correction
using strong FWER control).

Correlations of ITC in gamma-band ASSR with clinical
symptoms, cognitive function and functional outcomes
in schizophrenia patients
We performed correlation analyses among ITC in 40-Hz ASSR in
each estimated location, clinical symptoms, neurocognitive
function and functional outcomes in schizophrenia patients as
an exploratory analysis. WRAT, LN Span, LN Sequencing, and
CVLT scores were significantly lower in schizophrenia patients
compared to healthy comparison subjects (Supplementary
Table 3). ITC in gamma-band ASSR in right temporal cortex
was significantly correlated with SAPS total scores (r=−0.16,
p= 0.02), LN Span scores (r= 0.16, p= 0.01) and LN Sequencing
scores (r= 0.13, p= 0.046); that in left temporal cortex was
significantly correlated with SANS total scores (r= –0.15, p=
0.04), WRAT scores (r= 0.17, p= 0.01), LN sequencing scores
(r= 0.17, p= 0.02) and CVLT scores (r= 0.14, p= 0.04); that in
orbitofrontal cortex was significantly correlated with SANS total
scores (r=−0.13, p= 0.04); that in left superior frontal cortex
was significantly correlated with SANS total scores (r=−0.15,
p= 0.04), CVLT scores (r= 0.17, p= 0.02) and SOF scores (r=
0.21, p= 0.003) in schizophrenia patients (Supplementary
Table 4). There is no other significant correlation of ITC in

gamma-band ASSR with clinical symptoms, cognitive function
or functional outcomes in schizophrenia patients.

DISCUSSION
In this study, a distributed network of 4 independent cortical ASSR
sources was identified in both healthy comparison subjects and
schizophrenia patients. In both groups, primary contributing ASSR
sources were identified in the right superior temporal cortex and
the orbitofrontal cortex, with other contributions including
bilateral sensorimotor cortices. Schizophrenia patients showed
significantly reduced source dipole density of gamma-band ASSR
(ITC > 0.25) in the right middle/inferior temporal cortex, left
superior/middle/inferior temporal cortex, orbitofrontal, left pre-
cuneus, right sensorimotor cortex, and left superior frontal cortex.
ITC was significantly reduced at the left superior/middle/inferior
temporal cortex, orbitofrontal cortex, left precuneus, right
sensorimotor cortex, and left superior frontal cortex, but not at
the right middle/inferior temporal cortex in schizophrenia patients
in the post hoc analyses. An exploratory correlation analyses
showed that ITC in gamma-band ASSR in bilateral temporal
cortices was correlated with positive and negative symptoms and
cognitive functions, that in orbitofrontal was correlated with
negative symptoms and that in left superior frontal cortex was
correlated with negative symptoms, cognitive functions and
functional outcomes in schizophrenia patients. These findings
clarify the schizophrenia-related basis for gamma phase deficits,
an important potential biomarker of the regional cortical
dysfunction in schizophrenia.
Results of the present study applied a novel computational

approach, to noninvasive scalp recordings. These results were
remarkably consistent with findings of cortical surface levels of
gamma-band ASSR using invasive ECoG recordings in humans
found by Tada et al., who identified prominent gamma-band ASSR
responses at superior, middle and inferior temporal cortices,
sensorimotor area, as well as prefrontal gyri [40] in patients with
treatment-refractory epilepsy. The current study, using novel and
noninvasive EEG dipole density analyses fills a critical gap
between many previous studies using scalp level EEG [6–16] and
the study of Tada et al. [40] using more invasive ECoG, and
provides better convergence with translational animal model
studies [38].
Our data suggest that the right superior temporal cortex,

including the primary auditory cortex (A1), contributes to gamma-
band ASSR generation in both healthy subjects and in schizo-
phrenia patients. The left superior temporal cortex showed
abnormal reduction in the probabilistic density of dominant ASSR
in schizophrenia patients alone. We hypothesize that normal
auditory information processing may propagate across bilateral
middle and inferior temporal cortices in healthy subjects but not
in schizophrenia patients. This model is consistent with findings
from previous studies of early illness cohorts, where progressive
volume reduction within the left superior temporal gyrus was seen
in ultrahigh risk for psychosis and in first-episode schizophrenia
subjects [62–64]. Local neural capacity to generate gamma-band
ASSR centered at the left superior temporal gyrus may be
impaired after the onset of psychosis. Indeed, Hirano et al. [9, 65]
demonstrated that reduced left hemisphere gamma-band ASSR
phase locking in schizophrenia patients was positively correlated
with gray matter volume of the left primary auditory cortex. They
also showed that significantly increased non-phase locked gamma
power (i.e., “induced” activity) during the 40-Hz stimulation was
positively correlated with auditory hallucination symptoms [9, 65].
Such a left dominant asymmetry abnormality was similarly
observed in the current study. Although we found a correlation
between positive symptom and gamma-band ASSR in the right
temporal cortex but not in the left temporal cortex, the difference
between the region that covered broad area including secondary

Table 1. Six estimated cortical sources in which dipole density of
gamma-band ASSR (ITC > 0.25) is significantly reduced in schizophrenia
patients compared to healthy comparison subjects.

Brain region Coordinates Cluster size p

x y z

Temporal cortex, right 50 −52 −20 11.6 0.013

Inferior

Temporal cortex, left −52 −54 −6 5.6 0.027

Superior

Middle

Inferior

Orbitofrontal cortex 2 20 −10 5.7 0.027

Precuneus, left −4 −62 10 2.2 0.042

Sensorimotor cortex, right 48 −12 30 8.1 0.020

Superior frontal cortex, left −22 12 30 1.5 0.0497

p values are corrected with strong familywise error rate (FWER) control.
ASSR auditory steady-state response, ITC inter-trial phase coherence.
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Fig. 4 The grand average time-frequency maps for ITC at six source clusters. Six source clusters in which dipole density of gamma-band
ASSR (ITC > 0.25) is significantly reduced in schizophrenia patients compared to healthy comparison subjects (Table 1). Asterisks indicate
statistically significance at p < 0.05 (FDR correction applied, one tail) in comparisons of ITC between healthy comparison subjects and
schizophrenia patients [(ITC in healthy comparison subjects) – (ITC in schizophrenia patients)] at each source cluster. A time window of
0–500ms and a frequency window of 35–45 Hz were set as time-frequency window of interest, and average value within the window was
calculated. ITC inter-trial phase coherence, FDR false discovery rate.
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auditory cortex and only region that covered primary auditory
cortex might affect the different results.
Given the relative “simplicity” of the ASSR paradigm, the

significant group differences in orbitofrontal and prefrontal
cortices were not expected; these regions are usually associated
with higher order cognitive functions, rather than a task involving
the passive response to simple trains of click stimuli. Nonetheless,
this study is not the first to report frontal contributions to ASSR. A
recent study of 19 healthy subjects also reported source locations
of gamma-band ASSR in the inferior portion of the orbitofrontal
cortex and anterior cingulate cortex [39]. Here, we replicated these
findings and identified source locations of reduced gamma-band
ASSR in the orbitofrontal cortex and anterior cingulate cortex in
schizophrenia. Furthermore, we replicated a correlation between
reduced gamma-band ASSR in the prefrontal cortex and
neurocognitive functioning in schizophrenia patients [66]. These
results suggest that the conventional view of the ASSR as a low-
level perceptual response with exclusive generation by auditory
cortex should be reconsidered. On the contrary, our results
indicate that gamma-band ASSR may also serve as a productive
probe of the functioning of a distributed network that also
includes important contributions from frontal cortical sources. The
rapid (i.e., usually <5min) assessment of ASSR combined with low
cognitive and effort demands of the task lends itself to more
widespread use in diagnostic and precision medicine trials among
patients with cognitive and motivational impairments that may
confound performance in other tasks (cf. [67]).
A previous study showed that in the vibrotactile frequency

discrimination task, tactile information, and auditory information
can be used cooperatively in the secondary somatosensory and
auditory cortices [68]. Although speculative, a similar mechanism
may be evoked by ASSR task. Similarly, the sensorimotor area may
also have a role in gamma-band ASSR. The precuneus is a critical
cortical node of oscillatory activity coordinating cross-regional
interactions for visuo-spatial imagery, episodic memory retrieval
and self-processing operations [69, 70]. Given those findings and
the location of the precuneus, the precuneus may also contribute
to integrate auditory information processing during oscillation
task.

Caveats
First, this is a cross-sectional cohort study of a heterogeneous
sample of schizophrenia patients, the majority of whom were
receiving complex medication regimens. Testing group difference
of source density of gamma-band ASSR between patients who
were not prescribed antipsychotics (N= 35) and healthy compar-
ison subjects (N= 293), significance of original group difference
between patients (N= 427) and healthy comparison subjects (N=
293) did not remain after permutation test with multiple
comparison correction using strong FWER control. Given a
previous finding of correlations between global functioning and
gamma-band ASSR in schizophrenia patients [14], patients who
were prescribed antipsychotics may show lower global function-
ing and more severe reduction of source density of gamma-band
ASSR compared to healthy comparison subjects. Indeed, SOF
scores are significantly lower in patients who were prescribed anti-
psychotics than in those who were not prescribed them (t410=
−2.24, p= 0.025). Second, 40 EEG channels were used for the
analyses in this study. Future studies may fruitfully use higher
density recordings with at least 64 channels [71], individual MRI
data, and digitized scalp sensor locations rather than template
head models and reliance on standardized electrode locations for
potentially improved accuracy of source dynamics. Third, the
schizophrenia patients in this study had a “chronic” illness; results
therefore may not generalize to at risk or early illness psychosis
patients.

CONCLUSION
We successfully identified cortical source locations of synchro-
nized gamma frequency oscillations at frontotemporal regions in
schizophrenia patients by applying a novel approach using ICA
modeling to scalp EEG recordings. Our findings provide evidence
that deficits in the generation of gamma-band oscillations in
response to 40-Hz stimuli reflect abnormalities across a distributed
network of temporal and frontal brain regions in schizophrenia
patients. Clarification of the neural mechanisms underlying the
networks detected in this study, in both future clinical and animal
studies, will strengthen the utility of gamma-band ASSR as a
translatable brain marker for clarifying the pathophysiology of
neuropsychiatric and neurological diseases and the development
of novel therapeutic interventions.
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