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Introduction: Gamma-band oscillatory deficits have attracted considerable attention as promising biomarkers of schizophrenia (SZ). Notably, a reduced auditory steady-state response (ASSR) in the low gamma band (40 Hz) is widely recognized as a robust finding among SZ patients. However, a comprehensive investigation into the potential utility of the high-gamma-band ASSR in detecting altered neural oscillations in SZ has not yet been conducted.

Methods: The present study aimed to assess the ASSR using magnetoencephalography (MEG) data obtained during steady-state stimuli at frequencies of 20, 30, 40, and 80 Hz from 23 SZ patients and 21 healthy controls (HCs). To evaluate the ASSR, we examined the evoked power and phase-locking factor (PLF) in the time-frequency domain for both the primary and secondary auditory cortices. Furthermore, we calculated the phase-locking angle (PLA) to examine oscillatory phase lead or delay in SZ patients. Taking advantage of the high spatial resolution of MEG, we also focused on the hemispheric laterality of low- and high-gamma-band ASSR deficits in SZ.

Results: We found abnormal phase delay in the 40 Hz ASSR within the bilateral auditory cortex of SZ patients. Regarding the 80 Hz ASSR, our investigation identified an aberrant phase lead in the left secondary auditory cortex in SZ, accompanied by reduced evoked power in both auditory cortices.

Discussion: Given that abnormal phase lead on 80 Hz ASSR exhibited the highest discriminative power between HC and SZ, we propose that the examination of PLA in the 80 Hz ASSR holds significant promise as a robust candidate for identifying neurophysiological endophenotypes associated with SZ. Furthermore, the left-hemisphere phase lead observed in the deficits of 80 Hz PLA aligns with numerous prior studies, which have consistently proposed that SZ is characterized by left-lateralized brain dysfunctions.
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1. Introduction

Gamma-band (30–100 Hz) oscillatory deficits have attracted considerable attention as a promising neurophysiological endophenotype of schizophrenia (SZ) due to their well-established association with various psychiatric symptoms and specific cognitive deficits observed in SZ (Uhlhaas and Singer, 2010; Hirano and Uhlhaas, 2021; Koshiyama et al., 2022; Onitsuka et al., 2022a,b,c; Sohal, 2022). Gamma-band oscillations are responsible for the temporal coordination of narrowly localized neural circuits throughout the brain (von Stein and Sarnthein, 2000; Fries et al., 2007; Buzsáki and Wang, 2012; Arnulfo et al., 2015; Buzsáki and Schomburg, 2015). In addition, they are well known to be generated by an appropriate balance between excitatory (E) and inhibitory (I) neurons, in which the excitatory output from pyramidal cells is precisely inhibited by fast-spiking inhibitory interneurons, such as parvalbumin (PV +) and somatostatin (SOM +) interneurons (Bartos et al., 2007; Sohal et al., 2009; Buzsáki and Wang, 2012). A prominent hypothesis concerning the pathophysiology of SZ proposes that N-methyl-D-aspartate receptors (NMDARs) on PV + neurons exhibit hypofunctionality, leading to diminished GABAergic signaling, excessive excitation of neurons, and subsequent deficits in gamma-band oscillations (Burgos and Lewis, 2008). Therefore, gamma-band oscillatory deficits are expected to serve as a potential biomarker related to altered E/I balance within the neural circuits in SZ (Gandal et al., 2012).

The auditory steady-state response (ASSR), which refers to the synchronized activity elicited by a click train or by amplitude-modulated sound, is frequently employed to evaluate gamma-band oscillatory deficits in SZ. A recent comprehensive review and meta-analysis investigating gamma-band ASSR deficits in SZ patients suggests that impairments in 40 Hz ASSR power and phase locking are pronounced and could serve as valuable probes for assessing neural circuit dysfunctions (Thuné et al., 2016; Onitsuka et al., 2022c). Numerous electroencephalography (EEG) studies have shown the deterioration of the gamma-band evoked power and phase-locking factor (PLF) (the degree of phase-locking evoked by stimuli) on 40 Hz ASSR, not only in chronic SZ patients (e.g., Kwon et al., 1999; Spencer et al., 2009; Kirihara et al., 2012) but also in first-episode SZ patients (e.g., Spencer et al., 2008; Tada et al., 2016) and subjects at clinical high risk for psychosis (Tada et al., 2016; Koshiyama et al., 2018). These recent findings provide compelling evidence that altered 40 Hz ASSR could serve as a neurophysiological marker with potential utility for early detection of psychosis.

Due to its remarkable temporal acuity and exceptional spatial resolution, magnetoencephalography (MEG) demonstrates remarkable proficiency in elucidating intricate neural dynamics (Hironaga et al., 2020; Tagawa et al., 2022). Several previous studies using MEG attempted to identify the brain regions responsible for gamma-band ASSR deficits in SZ (Hamm et al., 2011; Edgar et al., 2014, 2018; Murphy et al., 2020; Grent-‘t-Jong et al., 2021). Although most of these studies reported reduced evoked power or PLF on 40 Hz ASSR in the auditory cortex, Grent-‘t-Jong et al. (2021) found that subjects at clinical high risk for psychosis and patients with first-episode psychosis exhibited impaired 40 Hz ASSR power in subcortical regions such as the right thalamus and hippocampus. Likewise, leveraging the high spatial resolution of MEG, numerous studies have consistently reported a reduction in the laterality of the gamma-band ASSR in SZ (Teale et al., 2003, 2008; Maharajh et al., 2010; Tsuchimoto et al., 2011). Specifically, SZ patients demonstrated a weaker right hemisphere advantage in terms of 40-Hz ASSR evoked power and PLF when compared to healthy controls (HCs), indicating that SZ may be characterized by an abnormal hemispheric asymmetry in the 40-Hz ASSR.

Several recent studies focused on the gamma-band phase delay of the 40 Hz ASSR in SZ (Roach et al., 2019a,b, 2022; Yanagi et al., 2022). Notably, these studies revealed that gamma-band phase delay exhibited higher differential sensitivity to SZ (Roach et al., 2019b) and superior test–retest reliability (Roach et al., 2019a) compared to evoked power and PLF. In addition, Roach et al. (2022) identified a left-lateralized gamma-band delay in SZ by estimating 40 Hz ASSR within the bilateral auditory cortices using EEG data. However, EEG lacks adequate spatial resolution, necessitating a reassessment of the laterality pattern of gamma-band phase delay in SZ using MEG, which offers better spatial resolution than EEG. In addition to the examination of 40 Hz ASSR, it may be worthwhile to consider the high-gamma-band (80 Hz) ASSR as a possible neurophysiological marker for SZ (Onitsuka et al., 2022c). A limited number of studies (Hamm et al., 2011; Tsuchimoto et al., 2011; Parker et al., 2019) have revealed that patients with SZ exhibit decreased evoked power and PLF not only in the 40 Hz range but also in the 80 Hz range of ASSRs. Notably, our previous MEG study (Tsuchimoto et al., 2011) showed that evoked power and PLF of the 80 Hz ASSR demonstrated greater differential sensitivity to SZ patients compared to those of the 20, 30, and 40 Hz ASSRs. Moreover, early auditory deficits within the auditory cortices are known to play a crucial role in the pathophysiology of SZ (Javitt and Sweet, 2015; Dondé et al., 2023). Hence, it would be of great interest to investigate whether SZ patients exhibit reduced evoked power and PLF and a phase delay in the 80 Hz ASSR within the primary and secondary auditory cortex.

The objective of the present MEG study is to investigate whether SZ patients exhibit abnormal phase entrainment, characterized by either a lead or delay, in both low- and high-gamma-band ASSRs within the auditory cortices. Additionally, we aimed to explore the laterality pattern of gamma-band phase entrainment (leads or delays) in SZ. We utilized MEG to measure ASSRs during 20, 30, 40, and 80 Hz click trains in both SZ patients and HCs. Our analysis focused on examining evoked power, PLF, and the degree of phase delay relative to the expected phase angle (phase-locking angle, PLA) in the bilateral primary (Heschl’s gyrus) and secondary auditory cortices (the planum temporale of the superior temporal gyrus) (Figure 1).
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FIGURE 1
Regions of interest for source analysis of ASSRs. The green and blue areas indicate the primary and secondary auditory cortices, respectively, in both hemispheres. AC, auditory cortex.




2. Materials and methods


2.1. Participants

Twenty-three SZ patients (10 males) and 21 HCs (10 males) participated in this study. All SZ patients were recruited from Kyushu University Hospital, and they were diagnosed based on the SCID-DSM V (First, 2002). The HC participants were recruited from the local community in Fukuoka City, and they and their first-degree relatives were free of Axis I psychiatric disorders. The exclusion criteria for both groups were as follows: (1) history of neurological illness or major head trauma that could result in abnormal electroencephalography results; (2) history of electroconvulsive therapy; (3) history of alcohol or drug dependence in their lifetime; (4) history of alcohol or drug abuse within the previous 5 years; or (5) a verbal intelligence quotient below 75. This study received approval from the Research Ethics Board of the Faculty of Medicine, Kyushu University (approval number 29038) and was carried out in accordance with the latest version of the Declaration of Helsinki. All the participants gave informed consent before the experiment.

Four SZ patients and 3 HC participants were excluded from data analysis because the MEG data were affected greatly by external magnetic noise (the exclusion criteria are stated in the description of MEG preprocessing). Finally, we employed the data of nineteen SZ patients (9 males with a mean age of 35.9 years) and 18 HCs (7 males with a mean age of 32.2 years). All participants were right-handed and did not have difficulty in listening to the stimuli used in this study. The symptoms of SZ patients were assessed by the Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987). Eighteen out of the 19 patients were receiving antipsychotics, with a mean daily dose equivalent to 499.12 mg of chlorpromazine (Inada and Inagaki, 2015). The mean illness duration in SZ patients was approximately 8.26 years. More detailed demographic and clinical characteristics are described in Table 1.


TABLE 1    Demographic and clinical characteristics of healthy control (HC) and schizophrenia (SZ) groups.
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2.2. Stimuli and apparatus

We used four types of click-train sounds with different train frequencies for the ASSR task. The 20, 30, 40, and 80 Hz click-train sounds with 500-ms duration were created using a 1-ms rectangle click sound. Each click-train sound was presented repetitively with an interstimulus interval of 500 ms until we obtained 200 trials with a peak amplitude less than amplitude criteria (gradiometer amplitude >3,000 fT/cm, magnetometer amplitude >3,000 fT) during online MEG recording. The order of employing the four frequencies was randomized across the participants. All stimuli were generated using a signal generator (Waveform Generator 7075, Hioki, Nagano, Japan) and presented to both ears of the participants through inserted earphones (ER-3A, Etymotic Research, IL, USA). The sound pressure level of these stimuli was set to 80 dB.

The MEG signals were acquired using a 306-channel system consisting of 204 planar-type gradiometers and 102 magnetometers (Neuromag, Elekta, Helsinki, Finland). The MEG signals were recorded at a sampling rate of 1 kHz with an online bandpass filter of 0.01–330 Hz. Since the magnetometers are sensitive to external noises, we used only the MEG signals of the gradiometers for data analysis. Before the recording, four head position indicator (HPI) coils were attached to the scalp, and the three fiducial points (the nasion and the left and right auricular points) of the head, the HPI positions, and approximately 200 head-surface points were measured using a three-dimensional digitizer. The accurate location of the head with regards to the sensor array was measured by the HPI coils.

T1-weighted structural images were obtained using a three-dimensional turbo field echo sequence using a 3T magnetic resonance imaging (MRI) scanner (Achieva TX, Philips, Best, Netherlands). The imaging parameters were as follows: repetition time = 8.2 ms, echo time = 3.8 ms, flip angle = 8°, field of view = 24 cm × 24 cm, number of echoes = 1, matrix = 240 × 240, inversion time = 1025.9 ms, number of slices = 190, and slice thickness = 1 mm. The MR images were aligned using the intercommissural line and the sagittal sulcus to correct head tilt. We constructed whole-brain source space from individual MRI data and created a boundary element model (BEM) of the brain using FreeSurfer 7.1.1. The coregistration of the MEG and MRI data was conducted based on the head position data obtained through the HPI coils and 3-D digitizer.



2.3. MEG pre-processing

We employed MNE-python 0.23.01 and Python 3.9.62 to perform MEG data analysis. To remove noise from MEG sensors, we first applied an oversampled temporal projection to the MEG data (Larson and Taulu, 2017). Second, we removed external noise from the MEG data and corrected head movements using the temporal extension of Signal-Space Separation (Nenonen et al., 2012). Third, we applied a high-pass filter of 1 Hz and a notch filter of 60 Hz and its harmonics (120, 180, 240, and 300 Hz) to MEG data. Finally, we removed artifacts caused by eye movement and electrocardiograms by applying an independent component analysis to the filtered data.

Using the artifact-free MEG data, we created epochs with 1500 ms duration, starting at 500 ms prior to stimulus onset and lasting for 1000 ms after stimulus-onset, separately for each stimulus condition (20, 30, 40, or 80 Hz). The epochs were rejected if the peak-to-peak amplitude of their waveform exceeded 5000 fT/cm. The four SZ patients and 3 HC participants were excluded from further analysis as described above because the number of epochs did not reach 200 in any of the four stimulus conditions. To avoid adverse effect of difference in the number of accepted epochs on time-frequency analysis results, 200 epochs selected from accepted epochs for each stimulus condition were submitted to further analysis. We also created evoked-subtracted epochs for each stimulus condition by subtracting an averaged evoked waveform from the waveform of each epoch.



2.4. Time-frequency analysis in source space

We calculated time-frequency representations (PLF, PLA, and evoked power) of ASSRs in the bilateral primary and secondary auditory cortices for each stimulus condition. The PLF measures the degree to which an oscillatory phase synchronizes across trials and ranges from 0 (random distribution) to 1 (perfect phase locking). The PLA is defined as the degree to which a certain participant’s oscillatory phase leads or lags relative to group (HC)-averaged phase angles of stimulus-evoked oscillations (Roach et al., 2019b). The evoked power is the spectrotemporal power of event-related activity. The primary and secondary auditory cortices are considered to correspond to the anterior transverse temporal gyrus and the planum temporale of the superior temporal gyrus, respectively, in the Destrieux atlas (Destrieux et al., 2010). Therefore, we defined these regions in both hemispheres as the regions of interest (ROIs) in this study (Figure 1).

The detailed procedure of source-level time-frequency analysis was as follows. First, we calculated a complex representation at each time-frequency point (time range from −500 to 1000 ms with 1 ms steps and frequency range from 10 to 100 Hz with 1 Hz steps) for each epoch or each evoked-subtracted epoch at each sensor by applying a Morlet wavelet transform (σ = 7.0) to the MEG signal. The norm of the obtained complex representation was changed to 1. The complex representations in source space were estimated from those in sensor space using noise-normalized minimum norm estimation (MNE), executed with dynamic statistical parametric mapping (dSPM) (Dale et al., 2000). For source estimation, we first constructed the forward solution, which models the propagation of the magnetic field from each brain region (mesh-patterned 8192 vertices were marked in the brain) to each sensor and was calculated based on the BEM of the brain. We next computed an inverse operator, which was used for estimation of the source-level complex representations from each epoch or each evoked-subtracted epoch, using the forward solution and a noise-covariance matrix calculated from pre-stimulus period (from –400 to –100 ms) signals of epochs or evoked-subtracted epochs.

For each vertex in source space, the averaged time-frequency complex representation across epochs was calculated. The norms of the averaged time-frequency complex representations were obtained as the time-frequency PLF. The time-frequency PLA was obtained for each vertex by re-expressing the angle of the averaged complex representation as its difference from an expected angle at each time-frequency point. According to Roach et al. (2019b), we defined a group-averaged angle of the HC group as the expected angle. To evaluate the time-frequency evoked power at each vertex on source space, we first obtained total and induced power values at each time-frequency point by calculating the averaged squared absolute values of the complex representations across epochs and evoked-subtracted epochs, respectively. The difference between the time-frequency total and induced powers was obtained as the time-frequency evoked power. The time-frequency PLF, PLA, and evoked power, which were obtained in each vertex, were averaged across vertices on each ROI. Regarding the time-frequency evoked power, a baseline correction was applied in each frequency point by subtracting a time-averaged evoked power in the pre-stimulus period (from –400 to –100 ms) from the evoked power at each time point.



2.5. Statistical analysis

The demographic variables [age, sex, socioeconomic status (SES), and education years] were compared between the HC and SZ groups using unpaired Welch’s t-tests or chi-square tests.

For statistical analysis of PLF and evoked power, we computed their mean values across time-frequency ranges, ranging from 30 to 530 ms and from 5 Hz below to 5 Hz above the train frequency for each stimulus condition. The obtained PLF and evoked power were subjected to three-way repeated-measures analyses of variance (rmANOVAs) with hemisphere (left/right) and ROI (first/secondary auditory cortex) as within-subjects factors and group (SZ/HC) as a between-subject factor separately for each stimulus condition (20, 30, 40, or 80 Hz).

We conducted a statistical analysis of the PLA following the previous study of Roach et al. (2019b). The time-averaged (200–400 ms) PLA at a frequency that was the same as the train frequency was obtained and converted to a z score based on the mean and standard deviation of the HC group for each stimulus condition, each hemisphere, and each ROI. Three-way rmANOVAs were performed for the z scored PLA value in the same way as statistical analyses of PLF and evoked power. The post hoc analyses were conducted for 40 and 80 Hz conditions as follows. For the 40 Hz condition, the unpaired t-test was conducted between HC and SZ groups on the averaged z-scale PLA across ROIs and hemispheres. Regarding the 80 Hz PLA, two-way rmANOVAs were conducted with group and hemisphere as factors for each ROI. In addition, unpaired t-tests were performed between the two groups for the z-scored PLA, separately for the left and right secondary auditory cortices.

The optimal sensitivity and specificity of gamma-band ASSR measures to differentiate between HC and SZ groups were determined via receiver operating characteristic (ROC) analysis to discuss a clinical applicability of these measures as a diagnostic or therapeutic tool in the future. Specifically, we conducted ROC analysis with each analysis index with a significant group difference (averaged evoked power across ROIs and hemispheres in the 80 Hz condition, averaged z-scale PLA across ROIs and hemispheres in the 40 Hz condition, or averaged z-scale PLA across ROIs in the 80 Hz condition) as a discriminant value. The ROC curve was drawn based on a trapezoidal rule. The effect size (Cohen’s d) was also calculated using the analysis indices used for the ROC analysis.

The relationships of gamma-band ASSR to clinical symptoms were examined using Spearman’s rank correlation analysis. We calculated Spearman’s correlations between the analysis indices with significant group differences and PANSS subscales (General, Positive, and Negative scales).




3. Results


3.1. Demographic data

There were no significant group differences in age (t = −0.58, p = 0.57) or sex (χ2 = 0.04, p = 0.85). The SES of the SZ group was significantly higher than that of the HC group (t = −4.55, p < 0.01), while there were no significant group differences in parental SES (t = 1.58, p = 0.12) or years of education (t = 1.89, p = 0.07).



3.2. PLF and evoked power

Supplementary Figures 1, 2 show group-averaged time-frequency PLFs and evoked powers, respectively, separately for each stimulus condition, each hemisphere, and each ROI. Regarding the PLF, we found neither a significant main effect of group nor group-related interactions in any stimulus condition, although the 80 Hz PLF was inclined to be lower in the SZ group than in the HC group. In terms of the evoked power, we found a significant reduction in 80 Hz evoked power in the SZ group (Figure 2). The three-way rmANOVA revealed a significant main effect of group (F = 4.42, p = 0.04) and no significant group-related interactions. We further conducted an unpaired t-test on the averaged evoked power values across ROIs and hemispheres as a post hoc analysis and confirmed that the evoked power during 80 Hz stimulation was significantly lower for the SZ group than for the HC group (t = −2.07, p = 0.049, Cohen’s d = 0.71) (Figure 2). While the evoked power at 20 and 40 Hz in the left primary auditory cortex showed a tendency to be higher and lower, respectively, in the SZ group than in the HC group, no significant main effect of group or group-related interactions was observed, except for the 80 Hz condition. The detailed results of the rmANOVAs on PLF and evoked power can be found in Supplementary Tables 1, 2, respectively.
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FIGURE 2
The grand average time-frequency maps of the evoked power during 80 Hz stimulation in each HC (upper line) or SZ (lower line) group for each region of interest. From left, the columns show the maps derived from the left primary auditory cortex, the left secondary auditory cortex, the right primary auditory cortex, and the right secondary auditory cortex. The color bar shows the values of the evoked power, in which red indicates a higher value and blue indicates a lower value. HC, healthy control; SZ, schizophrenia; AC, auditory cortex.




3.3. PLA

Figure 3 shows the circular plots of individual PLAs at latencies of 200–400 ms separately for each stimulus condition, each hemisphere, and each ROI. The 40 Hz phase lags were clearly observed for the SZ group in both the primary and secondary auditory cortices of both hemispheres. The three-way rmANOVA on z-scored 40 Hz PLA showed that there was a significant main effect of group (F = 4.97, p = 0.03) with no group-related interactions. A post-hoc t-test confirmed that the SZ group had significantly lower values of z-scored 40 Hz PLA than the HC group (t = −2.21, p = 0.03, Cohen’s d = 0.75). On the other hand, the phase lead was observed on 80 Hz ASSR in the left secondary auditory cortex in the SZ group compared to HC. In the three-way rmANOVA on the z-scored 80 Hz PLA, we found a significant group × hemisphere × ROI interaction (F = 6.04, p = 0.02). The post hoc analyses revealed a significant interaction between group and hemisphere specifically in the secondary auditory cortex (F = 11.08, p < 0.01), while no significant interaction was observed in the primary auditory cortex. In the left secondary auditory cortex, the z-scored 80 Hz PLA was significantly higher in the SZ group than in the HC group (t = 3.04, p < 0.01, Cohen’s d = 1.03). Conversely, there was no significant group difference found in the right secondary auditory cortex (t = −1.54, p = 0.13). No main effect of group or group-related interactions was observed for the 20 Hz or 30 Hz conditions. The detailed results of the three-way rmANOVAs and the post hoc two-way rmANOVAs for the 80 Hz condition on the z-scored PLA are shown in Supplementary Table 3.
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FIGURE 3
The time-averaged (200–400 ms) PLAs plotted on the polar coordinate of each subject and the grand average time-averaged PLA in each group (SZ or HC) at each stimulation frequency for each stimulus condition and each region of interest. In each plot, each thin red line indicates the time-averaged PLA of each SZ subject, each thin blue line indicates each HC subject, the thick red line indicates the grand average in the SZ group, and the thick blue line indicates the grand average in the HC group. The numbers placed circularly indicate angles (unit: degree). Each of the 4 plots on a horizontal line shows the plots derived at each stimulation frequency. Each column shows the plots in the same way as in Figure 2. In this figure, the thick green lines highlight the time-averaged PLAs at the 40 Hz stimulation, emphasizing that the SZ group had significant phase lags compared to the HC. The thick red lines highlight the time-averaged PLAs under 80 Hz stimulation in the left secondary auditory cortex, emphasizing that the SZ group had a significant phase lead compared to the HC group. HC, healthy control; SZ, schizophrenia; AC, auditory cortex; PLA, phase-locking angle.


Figure 4 displays the temporal profile of the 40 Hz PLA in the SZ group separately for each hemisphere and ROI. In the SZ group, we observed a phase delay starting at approximately 150 ms latency, persisting for over 200 ms across all hemispheres and ROIs. Conversely, a phase lead was observed at latencies preceding 100 ms, particularly in the primary auditory cortex. To further explore this, we conducted an additional statistical analysis focusing on the 30–100 ms PLA range. However, the three-way rmANOVA did not reveal any significant main effect of group or any group-related interactions (see Supplementary Table 4 for details). The time course of the 80 Hz PLA in the SZ group on the left secondary auditory cortex is also shown in Figure 5. Notably, the 80 Hz PLA in the SZ group showed abnormal phase lead throughout most of the ASSR stimulation, with occasional instances of phase delay around a latency of 200 ms.
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FIGURE 4
The grand average time course difference of 40 Hz PLA in the SZ group for each hemisphere and each ROI compared to HC, in which the PLA in SZ was subtracted from the PLA in HC. The thick red line in each time course indicates the time range used for statistical analysis of the PLA (200–400 ms). HC, healthy control; SZ, schizophrenia; AC, auditory cortex; PLA, phase-locking angle; ROI, regions of interest.
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FIGURE 5
The grand average time course of 80 Hz PLA in the SZ group on the left secondary auditory cortex. The thick red line in each time course indicates the time range used for statistical analysis of the PLA (200–400 ms). HC, healthy control; SZ, schizophrenia; AC, auditory cortex; PLA, phase-locking angle.




3.4. ROC analysis

We conducted ROC curve analyses to explore the discriminant value of ASSR measures. The left panel of Figure 6 shows the ROC curve for the averaged 80 Hz evoked power across ROIs and hemispheres, aiming to distinguish between the HC and SZ groups. The area under the curve (AUC) of this ROC curve was 0.74 [95% confidence interval (CI): 0.58–0.90]. The middle and right panel of Figure 6 shows the ROC curve for averaged z-scale 80 Hz PLA on the left secondary auditory cortex and averaged z-scale 40 Hz PLA across ROIs and hemispheres, respectively. The AUCs of the ROC curves for 80 Hz and 40 Hz PLA were 0.754 (95% CI: 0.60–0.91) and 0.705 (95% CI: 0.53–0.88), respectively. The obtained AUC values from 80 Hz evoked power, 40 Hz PLA, and 80 Hz PLA indicate acceptable discrimination between the HC and SZ groups (Hosmer et al., 2013).
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FIGURE 6
Comparison of receiver operating characteristic (ROC) curves between SZ and HC groups for 80 Hz evoked power (left), 80 Hz phase lead (middle), and 40 Hz phase delay (right). HC, healthy control; SZ, schizophrenia; AC, auditory cortex; PLA, phase-locking angle; ROI, regions of interest.




3.5. Correlations of gamma-band ASSR measures with clinical symptoms

The 80 Hz evoked power was not significantly correlated with PANSS subscores (positive: rho = 0.34, p = 0.18; negative: rho = −0.08, p = 0.77; general: rho = −0.03 p = 0.93). Similarly, no significant associations were found between z-scored PLA and PANSS subscales for both 40 Hz (positive: rho = 0.43, p = 0.09; negative: rho = 0.11, p = 0.67; general: rho = 0.19, p = 0.46) and 80 Hz conditions (positive: rho = 0.06, p = 0.82, negative score: rho = −0.07, p = 0.79, general score: rho = −0.04, p = 0.88).




4. Discussion

The present study aimed to explore potential abnormalities in phase entrainment of low and high gamma-band ASSRs in patients with SZ, with a particular focus on hemispheric laterality. Our results revealed the presence of abnormal phase delay in the bilateral auditory cortices of SZ patients during the 40 Hz ASSR. In contrast, we observed an abnormal phase lead specifically localized to the left secondary auditory cortex during the 80 Hz ASSR, demonstrating higher discriminability between HC and SZ when compared to the other indices. Our findings suggest that left-lateralized deficits in the 80 Hz ASSR are a neurophysiological endophenotype of SZ.


4.1. Reduced 80 Hz evoked power in SZ patients

We detected reduced 80 Hz evoked power in SZ patients in source space by applying MNE-dSPM to MEG data, as with several previous MEG studies (Hamm et al., 2011; Tsuchimoto et al., 2011). In addition, we revealed that 80 Hz evoked power had higher discriminative power between the HC and SZ groups than 20, 30, or 40 Hz evoked power. Therefore, 80 Hz ASSR stimulation can be a robust tool to assess neural oscillatory deficits in SZ. High-gamma-band activity in the brain is considered to play critical roles in several cognitive functions, such as memory and language processing (e.g., Gaona et al., 2011; Kucewicz et al., 2014; Tamura and Hirano, 2023). Notably, our previous study (Tamura and Hirano, 2023) reported that high-gamma-band activity in the auditory cortex is closely involved with accurate processing of speech temporal information. Therefore, it is expected that assessing high-gamma-band activity in SZ patients would clarify the brain mechanisms underlying their cognitive dysfunctions, although we have to develop experimental paradigms requiring more cognitive demand compared to the ASSR paradigm in future studies. On the other hand, there was no group difference in 80 Hz PLF, although sensor-level analysis in our previous study revealed reduced evoked power and PLF at sensors surrounding auditory cortices in SZ patients (Tsuchimoto et al., 2011). One possibility is that this inconsistency might be attributed to the difference in cortical distributions between evoked power and PLF on 80 Hz ASSR. Specifically, an EEG study by Tada et al. (2021) reported that 80 Hz evoked power was localized to the auditory cortex in both hemispheres, while 80 Hz PLF was distributed in broad brain regions ranging from the temporal to frontal areas.



4.2. Phase delay of the 40 Hz ASSR in SZ patients

Similar to several previous studies (Roach et al., 2019a,b, 2022; Yanagi et al., 2022), we successfully confirmed the presence of a significant phase delay during 40 Hz ASSR in SZ patients. In addition, we observed that the 40 Hz PLA exhibited greater sensitivity to differentiate SZ compared to both 40 Hz evoked power and PLF. This result supports the utility of the PLA as a measure to detect gamma-band oscillatory deficits in SZ. When examining the time course of the 40 Hz PLA, we found that, when compared to the HC group, the SZ group showed a phase lead prior to approximately 150 ms, followed by a phase delay after a latency of approximately 150 ms. Notably, there were no significant group differences observed in the early latency phase lead. It is worth noting that the ASSR comprises two distinct components: a transient component (0–100 ms) and a sustained component (over 150 ms), which are believed to have distinct neural mechanisms (Ross et al., 2002; Ross and Pantev, 2004; Ding and Simon, 2009). Therefore, we propose that the observed 40 Hz phase lead and delay in the SZ group may indicate disruptions in both the transient and sustained components of 40 Hz ASSR.

However, we were unable to replicate the left-lateralized 40 Hz phase delay observed in a previous EEG study (Roach et al., 2022). In our study, we employed MEG with superior spatial resolution to EEG to assess the laterality of PLA deficits in gamma-band ASSRs. Notably, Edgar et al. (2017) practically confirmed that MEG has an advantage in detecting hemispheric laterality in 40 Hz ASSR compared to EEG. Our use of distributed source analysis (MNE-dSPM) is preferable to dipole source analysis, as gamma-band PLFs are known to originate from broad cortical sources (Tada et al., 2021). Therefore, it is plausible that our findings regarding the laterality of 40 Hz PLA deficits are more reliable than those of the previous study.



4.3. Left-lateralized phase lead of the 80 Hz ASSR in SZ patients

Patients with SZ exhibited an abnormal phase lead during the 200–400 ms latencies in the 80 Hz ASR, with a larger effect size compared to the phase delay observed in 40 Hz ASSR. This finding, in conjunction with the results of 80 Hz evoked power, underscores the value of utilizing 80 Hz ASSR stimulation. However, it is crucial to note that at these latencies, not only phase lead but also phase delay were observed in SZ. The phase angle in the high gamma-band ASSR might exhibit temporal instability, warranting further investigations to determine the optimal time range for assessing abnormal phase lead in SZ.

Furthermore, it is noteworthy that the abnormal phase lead observed in 80 Hz ASSR was specific to the left secondary auditory cortex. Consistent with our findings, there exists a substantial body of evidence from other studies demonstrating structural and functional abnormalities in the auditory cortex, particularly in the left hemisphere (Hajek et al., 1997; Kasai et al., 2003; Spencer et al., 2009; Hirano et al., 2010, 2015, 2020; Kompus et al., 2011; Kühn and Gallinat, 2012; Modinos et al., 2013; Shinn et al., 2013). This suggests that left-lateralized brain dysfunction might be a characteristic feature of SZ. Based on the hypothesis proposing that gamma-band oscillatory activity in the left auditory cortex plays a critical role in speech information processing with high temporal resolution (Poeppel, 2003; Poeppel et al., 2008), it is plausible that deficits in this activity could be linked to language dysfunction specific to SZ (Meyer et al., 2021). In future studies, given MEG’s remarkable temporal acuity and excellent spatial resolution, it would be intriguing to examine gamma-band PLA deficits focusing on subcortical areas such as the brainstem and thalamus because they were detected as signal sources of 80 Hz ASSR (Farahani et al., 2017, 2019).



4.4. Molecular mechanisms

As outlined in the Introduction, gamma-band oscillations are well known to reflect reciprocal interactions between excitatory and inhibitory neurons (E/I balance) (Bartos et al., 2007; Sohal et al., 2009; Buzsáki and Wang, 2012). Specifically, γ-aminobutyric acid (GABA)ergic and N-methyl-D-aspartate (NMDA) receptor antagonists have been shown to affect stimulus-phase-locked and non-phase-locked activities on gamma-band ASSRs (Vohs et al., 2012; Sullivan et al., 2015; Sivarao et al., 2016; Yamazaki et al., 2020). Nevertheless, the majority of preclinical studies have focused on exploring molecular mechanisms associated with reduced evoked power and PLF in the 40 Hz ASSR. As far as we know, there have been no studies focusing on high-gamma-band ASSR and its associated phase lead or delay. Therefore, further translational studies investigating high gamma-band activities are warranted.



4.5. Auditory dysfunctions in SZ

Among various perceptual and cognitive deficits, early auditory deficits play a crucial role in the pathophysiology of SZ (Javitt and Sweet, 2015; Dondé et al., 2023). A recent conceptual review (Dondé et al., 2023) highlights the utility of auditory measures for treatment targets and translational biomarker research. Alternation of gamma-band ASSR is one of the most prominent neurophysiological markers for early auditory deficits in SZ (Hirano and Uhlhaas, 2021; Onitsuka et al., 2022c). In addition, the gamma-band ASSR is well-known to reflect temporal processing ability in the auditory system (Baltus and Herrmann, 2015; Dimitrijevic et al., 2016). As described above, auditory-evoked high gamma-band activity in the left hemisphere is crucial in speech-temporal information processing (Tamura and Hirano, 2023). Thus, investigating auditory dysfunctions in SZ using the ASSR paradigm is useful for detecting impaired auditory temporal information processing in SZ.



4.6. Limitations

We obtained several meaningful findings concerning low- and high-gamma-band oscillatory dysfunctions in SZ patients; however, there are several limitations in the present study. First, the number of participants included in each group is relatively modest. Consequently, further studies with a larger sample size are warranted to validate the utility of 80 Hz ASSR stimulation and PLA measurement. Second, possibly due to the limited sample size, we were unable to observe reduced PLF and evoked power on 40 Hz ASSR in SZ patients. Third, during the MEG recording, the majority of patients were under antipsychotic medication, which leaves the possibility of antipsychotic influence on our reported results, although significant correlations of gamma-band ASSR measures with CPZ equivalent dose were not observed (40 Hz PLA: rho = 0.07, p = 0.79; 80 Hz evoked power: rho = −0.17, p = 0.50; 80 Hz PLA: rho = 0.06, p = 0.80). It is necessary to conduct additional research targeting untreated drug-free patients in future studies to evaluate 80 Hz ASSR and PLA with the effects of antipsychotic medication eliminated. Fourth, aberrant observations of the 80 Hz ASSR and PLA in SZ, as revealed from our investigation, currently lack clarity regarding their disease specificity. Consequently, prospective validation will necessitate the execution of large-scale cross-disease EEG or MEG investigations. Fifth, while our present study predominantly focused on analyzing the auditory cortex due to our implementation of a passive listening task that primarily engages early sensory functions, it would be crucial to investigate the ASSR in other areas by adapting tasks such as the attentional modulation paradigm that requires higher-order cognitive processes in future studies. Sixth, while assessing the dynamic time-course of PLA to detect abnormal entrainment is crucial, our technical constraints hindered us from employing a statistical approach that could retain temporal information within circular data. The emergence of analytical methods that take into account the dynamic time-course of PLA is anticipated. Last, we could not find a clear relationship between the gamma-band PLA measure and clinical symptoms, consistent with previous studies examining gamma-band PLA in SZ. We speculate that abnormal gamma-band phase lead or delay may serve as a trait marker rather than a state marker.




5. Conclusion

Considering the prominent phase-lead abnormality of the 80 Hz ASSR, which demonstrated the highest discriminative power between HC and SZ, we propose that a comprehensive investigation of PLA during the 80 Hz ASSR paradigm holds significant promise as a robust candidate for identifying neurophysiological endophenotypes associated with SZ. Moreover, the prominent left-hemisphere phase lead observed in the deficits of 80 Hz PLA aligns with numerous prior studies, which have consistently proposed that SZ is characterized by left-lateralized brain dysfunctions. To further explore whether this measure is a promising endophenotype related to the onset, the robustness of our findings ought to be confirmed through longitudinal investigations involving a larger sample size of first-episode SZ. Notably, to enhance the elucidation of its neural dynamics, the utilization of distributed source analysis alongside MEG data would facilitate the comprehensive exploration of gamma-band oscillatory functions across cerebral regions.



Data availability statement

The datasets presented in this article are not readily available because the data that support the findings of this study are not openly available due to reasons of sensitivity and are available from the corresponding author upon reasonable request. Data are located in controlled access data storage at Kyushu University. Requests to access the datasets should be directed to YH, yhouji@gmail.com.



Ethics statement

The studies involving humans were approved by the Research Ethics Board of the Faculty of Medicine, Kyushu University (approval number 29038). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SN: Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft, Software. ST: Data curation, Formal analysis, Investigation, Methodology, Software, Visualization, Writing – original draft, Conceptualization, Resources, Supervision, Validation, Writing – review and editing. SH: Formal analysis, Resources, Supervision, Writing – review and editing, Project administration. JT: Writing – review and editing, Data curation, Investigation. KK: Data curation, Investigation, Writing – review and editing. YT: Data curation, Investigation, Writing – review and editing. TM: Data curation, Investigation, Writing – review and editing. OT: Data curation, Writing – review and editing, Methodology, Software, Supervision. TN: Supervision, Writing – review and editing, Funding acquisition, Resources. TO: Funding acquisition, Resources, Supervision, Writing – review and editing, Conceptualization, Methodology, Project administration. YH: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review and editing, Data curation, Formal analysis, Investigation, Validation, Visualization, Writing – original draft.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported in part by the Japan Society for the Promotion of Science (JSPS) KAKENHI under grant numbers JP20K22286 (ST), JP21K13753 (ST), JP18K07602 (SH), JP22K07617 (TO), JP18K07604 (YH), JP19H03579 (YH), JP19H00630 (YH), JP20KK0193 (YH), JP21H02851 (YH); AMED grant numbers JP19dm0207069 (TO) and JP19dm0107124h0004 (YH); and the SIRS Research Fund Award (YH).



Acknowledgments

We thank all the participants for their contribution to this research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1277733/full#supplementary-material


Footnotes

1     https://mne.tools/0.23/index.html

2     https://www.python.org/


References

Arnulfo, G., Hirvonen, J., Nobili, L., Palva, S., and Palva, J. M. (2015). Phase and amplitude correlations in resting-state activity in human stereotactical EEG recordings. Neuroimage 112, 114–127. doi: 10.1177/1535759719843301

Baltus, A., and Herrmann, C. S. (2015). Auditory temporal resolution is linked to resonance frequency of the auditory cortex. Int. J. Psychophysiol. 98, 1–7. doi: 10.1016/j.ijpsycho.2015.08.003

Bartos, M., Vida, I., and Jonas, P. (2007). Synaptic mechanisms of synchronized gamma oscillations in inhibitory interneuron networks. Nat. Rev. Neurosci. 8, 45–56. doi: 10.1038/nrn2044

Burgos, G. G., and Lewis, D. A. (2008). GABA neurons and the mechanisms of network oscillations: Implications for understanding cortical dysfunction in schizophrenia. Schizophr. Bull. 34, 944–961. doi: 10.1093/schbul/sbn070

Buzsáki, G., and Schomburg, E. W. (2015). What does gamma coherence tell us about inter-regional neural communication? Nat. Neurosci. 18, 484–489. doi: 10.1038/nn.3952

Buzsáki, G., and Wang, X. J. (2012). Mechanisms of gamma oscillations. Annu. Rev. Neurosci. 35, 203–225. doi: 10.1146/annurev-neuro-062111-150444

Dale, A. M., Liu, A. K., Fischl, B. R., Buckner, R. L., Belliveau, J. W., Lewine, J. D., et al. (2000). Dynamic statistical parametric mapping: Combining fMRI and MEG for high-resolution imaging of cortical activity. Neuron 26, 55–67. doi: 10.1016/s0896-6273(00)81138-1

Destrieux, C., Fischl, B., Dale, A. M., and Halgren, E. (2010). Automatic parcellation of human cortical gyri and sulci using standard anatomical nomenclature. Neuroimage 53, 1–15. doi: 10.1016/j.neuroimage.2010.06.010

Dimitrijevic, A., Alsamri, J., John, M. S., Purcell, D., George, S., and Zeng, F. G. (2016). Human envelope following responses to amplitude modulation: Effects of aging and modulation depth. Audiology 37, 322–335. doi: 10.1097/AUD.0000000000000324

Ding, N., and Simon, J. Z. (2009). Neural representations of complex temporal modulations in the human auditory cortex. J. Neurophysiol. 102, 2731–2743. doi: 10.1152/jn.00523.2009

Dondé, C., Kantrowitz, J. T., Medalia, A., Alice, S. M., Balla, A., Sehatpour, P., et al. (2023). Early auditory processing dysfunction in schizophrenia: Mechanisms and implications. Neurosci. Biobehav. Rev. 148:105098. doi: 10.1016/j.neubiorev.2023.105098

Edgar, J. C., Chen, Y. H., Lanza, M., Howell, B., Chow, V. Y., Heiken, K., et al. (2014). Cortical thickness as a contributor to abnormal oscillations in schizophrenia? Neuroimage Clin. 4, 122–129. doi: 10.1016/j.nicl.2013.11.004

Edgar, J. C., Fisk, C. L. IV, Chen, Y., Stone-Howell, B., Hunter, M. A., Huang, M., et al. (2017). By our bootstraps: Comparing methods for measuring auditory 40 Hz steady-state neural activity. Psychophysiology 54, 1110–1127. doi: 10.1111/psyp.12876

Edgar, J. C., Fisk, C. L. IV, Chen, Y., Stone-Howell, B., Liu, S., Hunter, M. A., et al. (2018). Identifying auditory cortex encoding abnormalities in schizophrenia: The utility of low-frequency versus 40 Hz steady-state measures. Psychophysiology 55:e13074. doi: 10.1111/psyp.13074

Farahani, E. D., Goossens, T., Wouters, J., and van Wieringen, A. (2017). Spatiotemporal reconstruction of auditory steady-state responses to acoustic amplitude modulations: Potential sources beyond the auditory pathway. Neuroimage 148, 240–253. doi: 10.1016/j.neuroimage.2017.01.032

Farahani, E. D., Wouters, J., and van Wieringen, A. (2019). Contributions of non-primary cortical sources to auditory temporal processing. Neuroimage 191, 303–314. doi: 10.1016/j.neuroimage.2019.02.037

First, M. B. (2002). The DSM series and experience with DSM-IV. Psychopathology 35, 67–71.

Fries, P., Nikolić, D., and Singer, W. (2007). The gamma cycle. Trends. Neurosci. 30, 309–316. doi: 10.1016/j.tins.2007.05.005

Gandal, M. J., Sisti, J., Klook, K., Ortinski, P., Leitman, V., Liang, Y., et al. (2012). GABAB-mediated rescue of altered excitatory-inhibitory balance, gamma synchrony and behavioral deficits following constitutive NMDAR-hypofunction. Transl. Psychiatry 2:e142. doi: 10.1038/tp.2012.69

Gaona, C. M., Sharma, M., Freudenburg, Z. V., Breshears, J. D., Bundy, D. T., Roland, J., et al. (2011). Nonuniform high-gamma (60-500 Hz) power changes dissociate cognitive task and anatomy in human cortex. J. Neurosci. 9, 2091–2100. doi: 10.1523/JNEUROSCI.4722-10.2011

Grent-‘t-Jong, T., Gajwani, R., Gross, J., Gumley, A. I, Krishnadas, R., Lawrie, S. M., et al. (2021). 40-Hz auditory steady-state responses characterize circuit dysfunctions and predict clinical outcomes in clinical high-risk for psychosis participants: A magnetoencephalography study. Biol. Psychiatry 90, 419–429. doi: 10.1016/j.biopsych.2021.03.018

Hajek, M., Huonker, R., Boehle, C., Hans-Peter, V., Nowak, H., and Sauer, H. (1997). Abnormalities of auditory evoked magnetic fields and structural changes in the left hemisphere of male schizophrenics—a magnetoencephalographic magnetic resonance imaging study. Biol. Psychiatry 42, 609–616. doi: 10.1016/s0006-3223(96)00428-3

Hamm, J. P., Gilmore, C. S., Picchetti, N. A., Sponheim, S. R., and Clementz, B. A. (2011). Abnormalities of neuronal oscillations and temporal integration to low-and high-frequency auditory stimulation in schizophrenia. Biol. Psychiatry 69, 989–996. doi: 10.1016/j.biopsych.2010.11.021

Hirano, Y., and Uhlhaas, P. J. (2021). Current findings and perspectives on aberrant neural oscillations in schizophrenia. Psychiatry Clin. Neurosci. 75, 358–368. doi: 10.1111/pcn.13300

Hirano, Y., Hirano, S., Maekawa, T., Obayashi, C., Oribe, N., Monji, A., et al. (2010). Auditory gating deficit to human voices in schizophrenia: A MEG study. Schizophr. Res. 117, 61–67. doi: 10.1016/j.schres.2009.09.003

Hirano, Y., Oribe, N., Kanba, S., Onitsuka, T., Nestor, P. G., and Spencer, K. M. (2015). Spontaneous gamma activity in schizophrenia. JAMA Psychiatry 72, 813–821. doi: 10.1001/jamapsychiatry.2014.2642

Hirano, Y., Oribe, N., Onitsuka, T., Kanba, S., Nestor, P. G., Hosokawa, T., et al. (2020). Auditory cortex volume and gamma oscillation abnormalities in schizophrenia. Clin. EEG Neurosci. 51, 244–251. doi: 10.1177/1550059420914201

Hironaga, N., Takei, Y., Mitsudo, T., Kimura, T., and Hirano, Y. (2020). Prospects for future methodological development and application of magnetoencephalography devices in psychiatry. Front. Psychiatry 11:863. doi: 10.3389/fpsyt.2020.00863

Hosmer, D. W., Lemeshow, S., and Sturdivant, R. X. (2013). “Assessing the fit of the model,” in Applied logistic regression, 3rd Edn, eds W. A. Shewhart and S. S. Wilks (Hoboken, NJ: Wiley), 173–181.

Inada, T., and Inagaki, A. (2015). Psychotropic dose equivalence in Japan. Psychiatry Clin. Neurosci. 69, 440–447. doi: 10.1111/pcn.12275

Javitt, D. C., and Sweet, R. A. (2015). Auditory dysfunction in schizophrenia: Integrating clinical and basic features. Nat Rev Neurosci. 16, 535–550. doi: 10.1038/nrn4002

Kasai, K., Shenton, M. E., Salisbury, D. F., Hirayasu, Y., Lee, C. U., Ciszewski, A. A., et al. (2003). Progressive decrease of left superior temporal gyrus gray matter volume in patients with first-episode schizophrenia. Am. J. Psychiatry. 160, 156–164. doi: 10.1176/appi.ajp.160.1.156

Kay, S. R., Fiszbein, A., and Opler, L. A. (1987). The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 261–276. doi: 10.1093/schbul/13.2.261

Kirihara, K., Rissling, A. J., Swerdlow, N. R., Braff, D. L., and Light, G. A. (2012). Hierarchical organization of gamma and theta oscillatory dynamics in schizophrenia. Biol. Psychiatry 71, 873–880. doi: 10.1016/j.biopsych.2012.01.016

Kompus, K., Westerhausen, R., and Hugdahl, K. (2011). The “paradoxical” engagement of the primary auditory cortex in patients with auditory verbal hallucinations: A meta-analysis of functional neuroimaging studies. Neuropsychologia 49, 3361–3369. doi: 10.1016/j.neuropsychologia.2011.08.010

Koshiyama, D., Kirihara, K., Tada, M., Nagai, T., Fujioka, M., Ichikawa, E., et al. (2018). Electrophysiological evidence for abnormal glutamate-GABA association following psychosis onset. Transl. Psychiatry 8:211. doi: 10.1038/s41398-018-0261-0

Koshiyama, D., Miyakoshi, M., Tanaka-Koshiyama, K., Sprock, J., and Light, G. A. (2022). High-power gamma-related delta phase alteration in schizophrenia patients at rest. Psychiatry Clin. Neurosci. 76, 179–186. doi: 10.1111/pcn.13331

Kucewicz, M. T., Cimbalnik, J., Matsumoto, J. Y., Brinkmann, B. H., Bower, M. R., Vasoli, V., et al. (2014). High frequency oscillations are associated with cognitive processing in human recognition memory. Brain 137, 2231–2244. doi: 10.1093/brain/awu149

Kühn, S., and Gallinat, J. (2012). Quantitative meta-analysis on state and trait aspects of auditory verbal hallucinations in schizophrenia. Schizophr. Bull. 38, 779–786. doi: 10.1093/schbul/sbq152

Kwon, J. S., O’Donnell, B. F., Wallenstein, G. V., Greene, R. W., Hirayasu, Y., Nestor, P. G., et al. (1999). Gamma frequency–range abnormalities to auditory stimulation in schizophrenia. Arch. Gen. Psychiatry 56, 1001–1005. doi: 10.1001/archpsyc.56.11.1001

Larson, E., and Taulu, S. (2017). Reducing sensor noise in MEG and EEG recordings using oversampled temporal projection. IEEE Trans. Biomed. Eng. 65, 1002–1013. doi: 10.1109/TBME.2017.2734641

Maharajh, K., Teale, P., Rojas, D. C., and Reite, M. L. (2010). Fluctuation of gamma-band phase synchronization within the auditory cortex in schizophrenia. Clin. Neurophysiol. 121, 542–548. doi: 10.1016/j.clinph.2009.12.010

Meyer, L., Lakatos, P., and He, Y. (2021). Language dysfunction in schizophrenia: Assessing neural tracking to characterize the underlying disorder (s)? Front. Neurosci. 15:640502. doi: 10.3389/fnins.2021.640502

Modinos, G., Costafreda, S. G., van Tol, M. J., McGuire, P. K., Aleman, A., and Allen, P. (2013). Neuroanatomy of auditory verbal hallucinations in schizophrenia: A quantitative meta-analysis of voxel-based morphometry studies. Cortex 49, 1046–1055. doi: 10.1016/j.cortex.2012.01.009

Murphy, N., Ramakrishnan, N., Walker, C. P., Polizzotto, N. R., and Cho, R. Y. (2020). Intact auditory cortical cross-frequency coupling in early and chronic schizophrenia. Front. Psychiatry 11:507. doi: 10.3389/fpsyt.2020.00507

Nenonen, J., Nurminen, J., Kičić, D., Bikmullina, R., Lioumis, P., Jousmäki, V., et al. (2012). Validation of head movement correction and spatiotemporal signal space separation in magnetoencephalography. Clin. Neurophysiol. 123, 2180–2191. doi: 10.1016/j.clinph.2012.03.080

Onitsuka, T., Hirano, Y., Nakazawa, T., Ichihashi, K., Miura, K., Inada, K., et al. (2022a). Toward recovery in schizophrenia: Current concepts, findings, and future research directions. Psychiatry Clin. Neurosci. 76, 282–291. doi: 10.1111/pcn.13342

Onitsuka, T., Hirano, Y., Nemoto, K., Hashimoto, N., Kushima, I., Koshiyama, D., et al. (2022b). Trends in big data analyses by multicenter collaborative translational research in psychiatry. Psychiatry Clin. Neurosci. 76, 1–14. doi: 10.1111/pcn.13311

Onitsuka, T., Tsuchimoto, R., Oribe, N., Spencer, K. M., and Hirano, Y. (2022c). Neuronal imbalance of excitation and inhibition in schizophrenia: A scoping review of gamma-band ASSR findings. Psychiatry Clin. Neurosci. 76, 610–619. doi: 10.1111/pcn.13472

Parker, D. A., Hamm, J. P., McDowell, J. E., Keedy, S. K., Gershon, E. S., Ivleva, E. I., et al. (2019). Auditory steady-state EEG response across the schizo-bipolar spectrum. Schizophr. Res. 209, 218–226. doi: 10.1016/j.schres.2019.04.014

Poeppel, D. A. (2003). The analysis of speech in different temporal integration windows: Cerebral lateralization as ‘asymmetric sampling in time’. Speech Commun. 41, 245–255. doi: 10.1016/S0167-6393(02)00107-3

Poeppel, D. A., Idsardi, W. J., and Van Wassenhove, V. (2008). Speech perception at the interface of neurobiology and linguistics. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 1071–1086. doi: 10.1098/rstb.2007.2160

Roach, B. J., D’Souza, D. C., Ford, J. M., and Mathalon, D. H. (2019a). Test-retest reliability of time-frequency measures of auditory steady-state responses in patients with schizophrenia and healthy controls. Neuroimage Clin. 23:101878. doi: 10.1016/j.nicl.2019.101878

Roach, B. J., Ford, J. M., and Mathalon, D. H. (2019b). Gamma band phase delay in schizophrenia. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 4, 131–139. doi: 10.1016/j.bpsc.2018.08.011

Roach, B. J., Hirano, Y., Ford, J. M., Spencer, K. M., and Mathalon, D. H. (2022). Phase delay of the 40 Hz auditory steady-state response localizes to left auditory cortex in schizophrenia. Clin. EEG Neurosci. 54, 370–378. doi: 10.1177/15500594221130896

Ross, B., and Pantev, C. (2004). Auditory steady-state responses reveal amplitude modulation gap detection thresholds. J. Acoust. Soc. Am. 115, 2193–2206. doi: 10.1121/1.1694996

Ross, B., Picton, T. W., and Pantev, C. (2002). Temporal integration in the human auditory cortex as represented by the development of the steady-state magnetic field. Hear. Res. 165, 68–84. doi: 10.1016/s0378-5955(02)00285-x

Shinn, A. K., Baker, J. T., Cohen, B. M., and Öngür, D. (2013). Functional connectivity of left Heschl’s gyrus in vulnerability to auditory hallucinations in schizophrenia. Schizophr. Res. 143, 260–268. doi: 10.1016/j.schres.2012.11.037

Sivarao, D. V., Chen, P., Senapati, A., Yang, Y., Fernandes, A., Benitex, Y., et al. (2016). 40 Hz auditory steady-state response is a pharmacodynamic biomarker for cortical NMDA receptors. Neuropsychopharmacology 41, 2232–2240. doi: 10.1038/npp.2016.17

Sohal, V. S. (2022). Transforming discoveries about cortical microcircuits and gamma oscillations into new treatments for cognitive deficits in schizophrenia. Am. J. Psychiatry 179, 267–276. doi: 10.1176/appi.ajp.20220147

Sohal, V. S., Zhang, F., Yizhar, O., and Deisseroth, K. (2009). Parvalbumin neurons and gamma rhythms enhance cortical circuit performance. Nature 459, 698–702. doi: 10.1038/nature07991

Spencer, K. M., Niznikiewicz, M. A., Nestor, P. G., Shenton, M. E., and McCarley, R. W. (2009). Left auditory cortex gamma synchronization and auditory hallucination symptoms in schizophrenia. BMC Neurosci. 10:85. doi: 10.1186/1471-2202-10-85

Spencer, K. M., Salisbury, D. F., Shenton, M. E., and McCarley, R. W. (2008). Gamma-band auditory steady-state responses are impaired in first episode psychosis. Biol. Psychiatry 64, 369–375. doi: 10.1016/j.biopsych.2008.02.021

Sullivan, E. M., Timi, P., Hong, L. E., and O’Donnell, P. (2015). Effects of NMDA and GABA-A receptor antagonism on auditory steady-state synchronization in awake behaving rats. Int. J. Neuropsychopharmacol. 18:yu118. doi: 10.1093/ijnp/pyu118

Tada, M., Kirihara, K., Ishishita, Y., Takasago, M., Kunii, N., Uka, T., et al. (2021). Global and parallel cortical processing based on auditory gamma oscillatory responses in humans. Cereb. Cortex 31, 4518–4532. doi: 10.1093/cercor/bhab103

Tada, M., Nagai, T., Kirihara, K., Koike, S., Suga, M., Araki, T., et al. (2016). Differential alterations of auditory gamma oscillatory responses between pre-onset high-risk individuals and first-episode schizophrenia. Cereb. Cortex 26, 1027–1035. doi: 10.1093/cercor/bhu278

Tagawa, M., Takei, Y., Kato, Y., Suto, T., Hironaga, N., Ohki, T., et al. (2022). Disrupted local beta band networks in schizophrenia revealed through graph analysis: A magnetoencephalography study. Psychiatry Clin. Neurosci. 76, 309–320. doi: 10.1111/pcn.13362

Tamura, S., and Hirano, Y. (2023). Cortical representation of speech temporal information through high gamma-band activity and its temporal modulation. Cereb. Cortex 33, 8773–8782. doi: 10.1093/cercor/bhad158

Teale, P., Carlson, J., Rojas, D., and Reite, M. (2003). Reduced laterality of the source locations for generators of the auditory steady-state field in schizophrenia. Biol. Psychiatry 54, 1149–1153. doi: 10.1016/s0006-3223(03)00411-6

Teale, P., Collins, D., Maharajh, K., Rojas, D. C., Kronberg, E., and Reite, M. (2008). Cortical source estimates of gamma band amplitude and phase are different in schizophrenia. Neuroimage 42, 1481–1489. doi: 10.1016/j.neuroimage.2008.06.020

Thuné, H., Recasens, M., and Uhlhaas, P. J. (2016). The 40-Hz auditory steady-state response in patients with schizophrenia: A meta-analysis. JAMA Psychiatry 73, 1145–1153. doi: 10.1001/jamapsychiatry.2016.2619

Tsuchimoto, R., Kanba, S., Hirano, S., Oribe, N., Ueno, T., Hirano, Y., et al. (2011). Reduced high and low frequency gamma synchronization in patients with chronic schizophrenia. Schizophr. Res. 133, 99–105. doi: 10.1016/j.schres.2011.07.020

Uhlhaas, P. J., and Singer, W. (2010). Abnormal neural oscillations and synchrony in schizophrenia. Nat. Rev. Neurosci. 11, 100–113. doi: 10.1038/nrn2774

Vohs, J. L., Chambers, R. A., O’Donnell, B. F., Krishnan, G. P., and Morzorati, S. L. (2012). Auditory steady state responses in a schizophrenia rat model probed by excitatory/inhibitory receptor manipulation. Int. J. Psychophysiol. 86, 136–142. doi: 10.1016/j.ijpsycho.2012.04.002

von Stein, A., and Sarnthein, J. (2000). Different frequencies for different scales of cortical integration: From local gamma to long range alpha/theta synchronization. Int. J. Psychophysiol. 38, 301–313. doi: 10.1016/s0167-8760(00)00172-0

Yamazaki, M., Honda, S., Tamaki, K., Irie, M., and Mihara, T. (2020). Effects of (+)-bicuculline, a GABAa receptor antagonist, on auditory steady state response in free-moving rats. PLoS One 15:e0236363. doi: 10.1371/journal.pone.0236363

Yanagi, M., Tsuchiya, A., Hosomi, F., Terada, T., Ozaki, S., Shirakawa, O., et al. (2022). Evaluating delay of gamma oscillations in patients with schizophrenia using evoked response audiometry system. Sci. Rep. 12:11327. doi: 10.1038/s41598-022-15311-6


OPS/images/fnins-17-1277733-g003.jpg
270

270 270

Left Primary AC Left Secondary AC Right Primary AC  Right Secondary AC

- 90 90 90
=
e
S
=
£
w— 180 0 180 0 180 0 180
wn
N
T
o
N

270 270 270 270
c 90 90 90
b,
e
=
=
£
- 180 0 180 0 180
7))
N
T
o
o

270 270 270

- 90 90 90
9
=
8
= ,
E |
e 180 0 180 0 180 0 180
wn
T
T
= |
<

270 270 270 270

90 90 90
c
lg
o
3
=
.§ 180 0 §180 0 180
i
n
[
T
o
o0

270






OPS/images/fnins-17-1277733-g002.jpg
Hg Left Prlmary AC Left Secondary AC nght Prlmary AC Right Secondary AC

1 T T T |
80 Q*T ‘0 | L\ “ -

o

m
<
o
=
1]
| Qa
v
o]
-
L
80 =
c
60 —

-200 O 200 400 -200 O 200 400 -200 O 200 400 -200 O 200 400





OPS/images/fnins-17-1277733-g001.jpg
" Primary AC
m Secondary AC





OPS/images/fnins-17-1277733-g006.jpg
True Positive Rate

80 Hz Evoked Power 80 Hz PLA 40 Hz PLA

(averaged across ROls and hemispheres) (on secondary AC) (averaged across ROIs and hemispheres)
1.0 4 |—
0.8 - |_J
0.6 -
0.4 -
0.2 -
0.0 - I

0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate






OPS/images/fnins-17-1277733-g005.jpg
Left Secondary AC

90

w
o

o VAN

PLA (degree)
o

-30 1

60 -

-90

100 200 300 400 500
ms





OPS/images/fnins-17-1277733-g004.jpg
PLA (degree)

Left Primary AC Left Secondary AC  Right Primary AC  Right Secondary AC

90

60 -

30 1 J |

0 AN ﬁ\\§¥ | e
\ gy \\\‘—-—\-.,f/\\'—-4 \\~\-"A-/r~//~1 \\\\\\.___,_,w-/’“’/

-30 1 ] ]

60

100 200 300 400 500

0 - : : , :
100 200 300 400 500

ms

100 200 300 400 500
ms

100 200 300 400 500
ms

ms





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Abnormal phase entrainment of low- and high-gamma-band auditory steady-state responses in schizophrenia



		1. Introduction



		2. Materials and methods



		2.1. Participants



		2.2. Stimuli and apparatus



		2.3. MEG pre-processing



		2.4. Time-frequency analysis in source space



		2.5. Statistical analysis







		3. Results



		3.1. Demographic data



		3.2. PLF and evoked power



		3.3. PLA



		3.4. ROC analysis



		3.5. Correlations of gamma-band ASSR measures with clinical symptoms







		4. Discussion



		4.1. Reduced 80 Hz evoked power in SZ patients



		4.2. Phase delay of the 40 Hz ASSR in SZ patients



		4.3. Left-lateralized phase lead of the 80 Hz ASSR in SZ patients



		4.4. Molecular mechanisms



		4.5. Auditory dysfunctions in SZ



		4.6. Limitations







		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Abnormal phase entrainment
of low- and high-gamma-band
auditory steady-state
responses in schizophrenia












OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







OPS/images/fnins-17-1277733-t001.jpg
Schizophrenia (n = 19) Healthy control (n = 18)

Mean SD Mean SD
Age (years) 359 10.9 322 14.1 32.9 —0.58 0.57
Sex (M/F) 9/10 7/11 d 0.04 0.85
SES 3.6 1 22 0.7 28.3 —4.55 <0.01
Parental SES 2.4 0.85 29 12 31.9 1.58 0.12
Education years 13.8 20.6 15.1 2 33.8 1.89 0.07
PANSS positive 19.6 7.2
PANSS negative 23.2 8.8
PANSS general 44.1 17.1
Duration of illness (years) 8.3 8.9
Medication dose (CPZ equiv., mg) 499.12 299.28
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