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Abstract

MEG and EEG have identified post-stimulus low frequency and 40Hz steady-state auditory 

encoding abnormalities in schizophrenia (SZ). Negative findings have also appeared. To identify 

factors contributing to these inconsistencies, healthy control (HC) and SZ group differences were 

examined in MEG and EEG source space and EEG sensor space, with better group differentiation 

hypothesized for source than sensor measures given greater predictive utility for source measures. 

55 HC and 41 chronic SZ were presented 500Hz sinusoidal stimuli modulated at 40Hz during 

simultaneous whole-head MEG and EEG. MEG and EEG source models using left and right 

superior temporal gyrus (STG) dipoles estimated trial-to-trial phase similarity and percent change 

from pre-stimulus baseline. Group differences in post-stimulus low-frequency activity as well as 

the 40Hz steady-state response were evaluated. Several EEG sensor analysis strategies were also 

examined. Post-stimulus low-frequency group differences were observed across all methods. 

Given an age-related decrease in left STG 40Hz steady-state activity in HC, HC > SZ 40Hz 

steady-state group differences were evident only in younger participants’ source measures. 

Findings thus indicated that optimal data collection and analysis methods depend on the auditory 

encoding measure of interest. In addition, whereas results indicated that HC and SZ auditory 

encoding low-frequency group differences are generally comparable across modality and analysis 
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strategy (and thus not dependent on obtaining construct-valid measures of left and right auditory 

cortex activity), 40 Hz steady-state group-difference findings are much more dependent on 

analysis strategy, with 40Hz steady-state source-space findings providing the best group 

differentiation.
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schizophrenia; superior temporal gyrus; auditory encoding; magnetoencephalography; 
electroencephalography

1. Introduction

EEG and MEG have long been used to evaluate neural activity in psychiatric and neurologic 

populations. Comparisons of EEG and MEG findings are sometimes challenging. Such work 

is limited by differences in data collection and analysis strategies, such as EEG studies 

usually examining data in sensor space and MEG studies more often examining data in 

source space. Given different strengths and weakness of EEG and MEG, it is likely that 

depending on the research question either EEG or MEG may be found most useful, 

potentially differing in construct validity, ease of measurement or the group effect size. The 

present study sought to make progress in the above by comparing group differences in EEG 

and MEG auditory encoding activity (EEG and MEG data simultaneously obtained) in 

adults with schizophrenia (SZ) and healthy comparison participants (HC). The present study 

focused on two auditory encoding measures frequently of interest: early transient low-

frequency activity and 40 Hz steady-state activity.

In a review of studies examining the early transient 100 ms component of the auditory event-

related brain potential, Rosburg et al. (Rosburg, Boutros, & Ford, 2008) concluded that 

auditory encoding abnormalities in SZ are a robust finding. In a large multisite study 

(Consortium on the Genetics of Schizophrenia), abnormal 100 ms responses where observed 

in individuals with SZ as well as unaffected first-degree relatives of individuals with SZ with 

co-morbid psychiatric or substance use conditions, suggesting 100 ms activity as an 

endophenotype for SZ (Miller & Rockstroh, 2013; Turetsky et al., 2008). Other studies have 

shown that decreased 100 ms auditory activity is associated with impairment on tests of 

attention as well as reduced gray matter (J. C. Edgar et al., 2012; Smith et al., 2010). Studies 

examining the time-frequency profile of the early transient activity (50ms and 100 ms 

activity) have repeatedly demonstrated decreased lower-frequency activity in adults with SZ 

(Blumenfeld & Clementz, 2001; Clementz & Blumenfeld, 2001; J. C. Edgar et al., 2008), 

with Johannesen et al. (Johannesen et al., 2005) and Jansen et al. (Jansen, Hegde, & Boutros, 

2004) concluding that the small response observed in schizophrenia reflects a diminished 

capacity to “gate-in” relevant signal. Auditory encoding abnormalities may be common to 

psychosis, with a large multisite EEG study (Bipolar-Schizophrenia Network on 

Intermediate Phenotypes) examining auditory oddball activity in SZ and psychotic bipolar 

disorder reporting decreased 100 ms amplitude as well as decreased 11 to 30 Hz activity to 

standard tones and decreased 3 to 10 Hz activity to target tones in SZ and bipolar disorder 

than in HC (Ethridge et al., 2015).
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Researchers have also used 40Hz auditory driving stimuli to examine dysfunction in these 

networks in SZ, given hypothesized abnormalities in pyramidal cells and inhibitory 

interneuron networks in the superficial cortical layers in SZ (for a review see (Gandal, 

Edgar, Klook, & Siegel, 2012)). Many studies have reported 40Hz auditory steady-state 

abnormalities in SZ (Brenner, Sporns, Lysaker, & O’Donnell, 2003; Hall et al., 2011; 

Hamm, Gilmore, & Clementz, 2012; Hong et al., 2004; Koenig, van Swam, Dierks, & Hubl, 

2012; Krishnan et al., 2009; Kwon et al., 1999; Lenz, Fischer, Schadow, Bogerts, & 

Herrmann, 2011; Light et al., 2006; Maharajh, Teale, Rojas, & Reite, 2010; Rass et al., 

2012; Spencer, Niznikiewicz, Nestor, Shenton, & McCarley, 2009; Teale et al., 2008). Using 

40Hz auditory steady-state stimuli and relatively long inter-stimulus intervals (e.g., greater 

than 1 second) allows examination of both early transient and steady-state activity (Jacobson 

& Fitzgerald, 1997; Pantev, 1995). As left and right superior temporal gyrus (STG) regions 

are the primary generators of the early transient responses (Hari, 1990; Hari, Aittoniemi, 

Jarvinen, Katila, & Varpula, 1980; Huotilainen et al., 1998; Makela, Hamalainen, Hari, & 

McEvoy, 1994; Naatanen & Picton, 1987; Pelizzone et al., 1987; Reite, Teale, Zimmerman, 

Davis, & Whalen, 1988; Yvert, Crouzeix, Bertrand, Seither-Preisler, & Pantev, 2001) as well 

as the 40Hz steady-state response (Herdman et al., 2003; Ross, Herdman, & Pantev, 2005; 

Ross, Picton, & Pantev, 2002), some studies have used source localization to directly assess 

the left and right STG cortical microcircuits involved in auditory encoding. As an example, 

using a 40Hz steady-state task with a relatively long inter-stimulus interval, Edgar et al. (J. 

C. Edgar et al., 2014) showed multiple disruptions in STG auditory areas in SZ, including 

STG post-stimulus low-frequency abnormalities (4 to 16 Hz) as well as 40Hz steady-state 

abnormalities.

In a recent study examining the construct validity of 40Hz steady-state MEG and EEG 

measures, Edgar et al. (J. C. Edgar et al., 2017) demonstrated limitations examining 40Hz 

steady-state activity in EEG sensor space (e.g., inability to assess hemisphere differences in 

the strength of the 40Hz steady-state response) and thus advantages of directly assessing 

40Hz steady-state activity in left and right STG. Examining a variety of head models 

(spherical and realistic) and a variety of dipole source modeling strategies (dipole source 

localization and dipoles fixed to Heschl’s Gyrus), Edgar et al. demonstrated generality in 

results across head and source modeling strategies, and concluded that the use of a MEG or 

EEG spherical head model with sources manually fixed to left and right Heschl’s Gyrus is 

an effective and efficient method for measuring the left and right STG 40Hz steady-state 

response.

The present study builds upon Edgar et al. (J. C. Edgar et al., 2017), using MEG and EEG 

spherical head models with sources manually fixed to left and right Heschl’s gyri, to 

compare MEG and EEG in identifying control and SZ group differences in post-stimulus 

low-frequency (4 to 16 Hz) and 40 Hz steady-state processes. Also of interest was 

comparing source modeling results to EEG sensor results, with the hypothesis of better 

group differentiation for EEG source and MEG source than EEG sensor measures given 

greater predictive utility for source measures.
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2. Method

2.1 Participants

Fifty-five HC (36 males; mean age 39.6 ± 11.9 years; range 21 to 58 years), and 41 patients 

with chronic SZ (33 males, mean age 40.3 ± 11.6 years; range 20 to 60 years) were 

recruited. The HC in this study largely overlapped with the participants in Edgar et al. (J. C. 

Edgar et al., 2017). Selection criteria for SZ were: (1) diagnosis of schizophrenia with no 

other Axis I diagnosis, determined by the Structured Clinical Interview for DSM-IV-Patient 
Edition (SCID-DSM-IV; American Psychiatric Association, 1994); (2) stable, continuous 

treatment with antipsychotic medication for at least 3 months; (3) no history of substance 

dependence (determined via SCID); (4) no history of alcohol or other substance abuse in the 

past 3 months (determined via SCID); (5) no history of head injury with loss of 

consciousness for more than 5 minutes; and (6) no psychiatric hospitalization in the last 3 

months. Selection criteria for HC were: (1) no history of Axis I psychiatric dysfunction (via 

SCID), (2) no history of substance dependence in the last 3 years, (3) no history of alcohol 

or other substance abuse in the last 3 months, (4) no history of head injury with loss of 

consciousness for more than 5 minutes or other neurological disease, and (5) no family 

history of a psychotic disorder in first-degree relatives by self-report. As shown in Table 1, 

groups did not differ in age or parental socioeconomic status (SES (Oakes & Rossi, 2003)). 

Patients’ mean total scores on the Positive and Negative Syndrome Scale (PANSS)(Kay, 

Fiszbein, & Opler, 1987) were 17.05 for positive symptoms and 15.10 for negative 

symptoms. As is typical in SZ studies, patients’ IQ, education, and SES were significantly 

lower than those of HC. Groups did not differ in gender distribution (Chi-square = 2.81; p > 

0.05). Nine HC and 15 SZ were smokers. Thirty of the 55 SZ were treated with 2nd 

generation antipsychotics, three with the 1st generation antipsychotic haloperidol, and six 

with more than one antipsychotic. Two participants were not taking medications.

2.2 Steady-state Task

The amplitude of a 500 Hz stimulus was modulated at 40 Hz, the modulation depth 100%. 

Stimuli of 1 s duration were binaurally presented with a 4 s offset-to-onset inter-stimulus 

interval (ISI, ±2 s) and delivered using a sound pressure transducer through conduction 

tubing to the ear canal via ear-tip inserts (ER3A; Etymotic Research, Elk Grove Village, Ill., 

USA). Prior to data acquisition, 500 Hz tones of 300 ms duration and 12.5 ms rise time were 

used to obtain auditory thresholds for each ear. Auditory thresholds were initially estimated 

via stepwise amplitude reduction until participants stopped verbally identifying the presence 

of the tone. For fine tuning, tone loudness was then adjusted within ±10 dB of the 

preliminary threshold until a final threshold was confirmed (approximately 50% accuracy). 

For the 40Hz steady-state task, for each ear, the peak intensity of the steady-state stimulus 

was presented 35 dB above each participant’s hearing threshold. The number of steady-state 

stimuli presented depended on the MEG recording time available, but the mean number of 

HC (mean = 92, SD = 22) and SZ (mean = 87, SD = 18) artifact-free trials (artifact criteria 

describe below) did not differ, t(104) = 1.26, p > 0.05.
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2.3 Structural Magnetic Resonance Imaging (sMRI)

T1-weighted MPRAGE structural MRIs were collected on a Siemens 3T TIM Trio scanner 

at the Mind Research Network. Images were collected with a field of view = 256 × 256 mm, 

192 sagittal slices, and 1 × 1 × 1 mm spatial resolution. This was a five-echo sequence with 

echo times of 1.64, 3.5, 5.36, 7.22, and 9.08 ms, a repetition time = 2,530 ms, a gray-white 

matter contrast enhancement inversion recovery time of 1,200 ms, and 7° flip angle.”

2.4 MEG Data Acquisition and Coregistration

MEG data were recorded using a 306-channel Vector-View MEG system (Elekta-Neuromag, 

Helsinki, Finland). During MEG recording, the participant’s head position was monitored 

using four HPI coils attached to the scalp. EEG data were collected with Ag/AgCl electrodes 

from 60 equidistant sites (Falk Minow Customized Easy Cap®). EEG data were collected 

simultaneously with MEG data using Elekta-Neuromag EEG amplifiers. The left mastoid 

served as the EEG reference at data collection. All EEG scores were obtained using an 

average reference (see below). Electro-oculogram (EOG) (bipolar vertical EOG above and 

below left eye) and electrocardiogram (ECG) (bipolar channel at the collarbone) were also 

obtained.

To coregister MEG/EEG and sMRI data for each participant, three anatomical landmarks 

(nasion and right and left preauriculars) as well as an additional 200+ points on the scalp 

(including the position of each EEG electrode) and face were digitized for each participant 

using the Probe Position Identification (PPI) System (Polhemus, Colchester, VT). The three 

fiducials were identified in the participant’s sMRI, and a 6-degree rigid-body transformation 

matrix that involved rotation and translation between the MEG/EEG and sMRI coordinate 

systems was obtained by matching the 200+ points from the PPI measurements to the 

surface of the scalp and face to the structural MRI using BESA MRI 2.0.

2.5 Magnetic Source Analysis

MEG raw signals were first processed with Signal Space Separation (SSS; (Taulu, Kajola, & 

Simola, 2004)) using Maxfilter (Elekta Maxfilter™; Elekta Oy). SSS separates neuronal 

magnetic signals arising from inside the MEG sensor array from external magnetic signals 

arising from the surrounding environment to reduce environmental noise and artifacts. 

Following SSS, MEG and EEG eye-blink activity was corrected using the methods outlined 

in Berg and Scherg (Berg & Scherg, 1994). Using BESA 6.0, epochs −1000 ms pre-stimulus 

to 1200 ms post-stimulus onset were identified, and within this interval artifacts other than 

blinks were rejected by amplitude and gradient criteria (amplitude > 1200fT, gradient > 

800fT/cm). Epochs (trials) without artifact were then averaged from −1000ms pre-stimulus 

to 1200ms post-stimulus onset. MEG analyses were performed using the planar gradiometer 

sensors.

For source localization, a BESA 6.0 bandpass filter (Butterworth) was applied with a center 

frequency of 40Hz and a 20Hz width (a bandpass filter superior to using separate low- and 

high-pass filters for extracting MEG/EEG activity in narrow frequency bands) with 100% of 

the activity passed at 40Hz and 50% amplitude cutoffs at 30Hz and 50Hz. For modeling the 

40Hz steady-state response, data 500 to 1000ms post-stimulus were selected, with a 500ms 
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starting point as the amplitude modulated 40Hz steady-state response does not fully develop 

until after 250 to 300ms (Ross et al., 2002).

Source localization and scoring were done blind to group. The source modeling approach 

applied in the present study relied on the findings reported in Edgar et al. (J. C. Edgar et al., 

2017), where it was concluded that the use of a MEG or EEG spherical head model with 

sources manually fixed to left and right Heschl’s Gyrus is an effective and efficient method 

for measuring the left and right STG 40Hz steady-state response. Other studies also note the 

advantages of using prior knowledge of the location of source generators in brain 

electromagnetic source analysis (Scherg & Berg, 1991). Thus, for MEG and EEG, a 

spherical head model with sources manually fixed to left and right Heschl’s gyrus and an 

eye-blink artifact source was created for each participant (same left and right Heschl’s Gyrus 

location for EEG and MEG). Specifically, in each participant the left and right Heschl’s gyri 

were visually identified and a dipole source was placed approximately a third of the length 

along Heschl’s gyrus (with the most medial aspect of Heschl’s gyrus the starting point). If 

two Heschl’s gyri were present within a hemisphere, the dipole was placed between the two 

Heschl’s gyri. For both the MEG and EEG source models, left and right regional sources (a 

source with three (EEG) or two (MEG) single dipoles at the same location but with 

orthogonal orientations) were used to determine a single optimal orientation for the left and 

a single optimal orientation for the right source over the 500 to 1000ms period. The non-

primary orientations were then removed to obtain a MEG source model and an EEG source 

model with single dipoles in left and right Heschl’s Gyrus (Scherg & Ebersole, 1993).

For MEG, the spherical head model of Sarvas (Sarvas, 1987) was used. MEG data were 

analyzed only in source space. For EEG source analyses, a multi-shell spherical head model 

containing four homogeneous shells (brain, CSF, bone, and skin) was used, with the shells 

distorted slightly into an ellipsoid that best fit the participant’s EEG electrode cloud (EEG 

coordinates digitized using Polhemus), and with the center of the sphere determined from 

the EEG electrode locations (Berg & Scherg, 1994). For the EEG spherical head model, the 

BESA default conductivity values were used: 0.33 S/m for scalp and brain tissue, 0.0042 

S/m for skull, and 1.79 S/m for cerebral spinal fluid. All EEG analyses were done using an 

average reference. In addition to the EEG source models, pre-stimulus power measures and 

40 Hz steady-state and low-frequency activity measures were obtained at EEG sensors Cz 

and Fz (average reference). Using all EEG sensors, measures were also obtained via 

applying principal component analysis (PCA) to the whole-head EEG data and then using 

the time course associated with the first component of the PCA (computed over a 500 to 

1000ms interval) to compute the needed time-frequency measures.

2.6 Source Time-frequency Analysis

The calculation of single-trial phase and magnitude for the left and right STG sources used 

procedures outlined in Hoechstetter et al. (Hoechstetter et al., 2004), where for each 

participant the derived source model was applied to the raw unfiltered data. Transformation 

from the time domain to the time-frequency domain used complex demodulation procedures 

(Papp & Ktonas, 1977) implemented in BESA 6.0, using frequencies between 4 and 60Hz in 

steps of 2Hz. 40Hz steady-state and post-stimulus low-frequency total power and phase-
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locking were both examined. Total power and phase-locking measures were extracted from 

the single-trial complex time-frequency matrix. Total power (TP) was calculated by 

averaging the time-frequency spectra of each MEG/EEG epoch, thus providing a measure of 

the magnitude or power of oscillatory activity. TP was computed as percent-change score: 

(100*(post-stimulus activity – pre-stimulus activity)/pre-stimulus activity). For TP 

calculations, the pre-stimulus period was −800 to −200 ms. A measure of phase-locking 

referred to as inter-trial coherence (ITC) was also computed. ITC is a normalized measure 

with ITC = 1 reflecting no trial-to-trial phase variability and ITC = 0 reflecting maximal 

phase variability across trials.

As discussed in the Introduction, two a priori auditory encoding processes were examined: 

post-stimulus low-frequency activity (50 - 200ms, 4 - 16Hz) and 40Hz steady-state activity 

(500 - 1000ms, 38 - 42Hz). Specifically, for each participant, a single value was obtained for 

each of low-frequency and 40Hz steady-state and TP and ITC, the average TP and ITC 

within a 50 to 200 ms and 4 to 16Hz interval, and the average TP and ITC within a 500 to 

1000 ms and 38 to 42Hz interval.

Given that pre-stimulus group differences may affect interpretation of post-stimulus group 

findings (J. C. Edgar, Khan, S.Y., Blaskey, L., Chow, V.Y., Rey, M., Gaetz, W., Cannon, 

K.M., Monroe, J.F., Cornew, L., Qasmieh, S., Liu, S., Welsh, J.P., Levy, S.E., Roberts, T.P., 

2013), and given studies indicating elevated pre-stimulus activity in SZ (J. C. Edgar et al., 

2014; Gandal et al., 2012; Hong, Summerfelt, Mitchell, O’Donnell, & Thaker, 2012), pre-

stimulus group differences as well as the effect of pre-stimulus activity on post-stimulus 

group differences were examined. Although pre-stimulus group differences were observed, 

after accounting for the influence of pre-stimulus activity on post-stimulus activity (assessed 

via hierarchical regression), the pattern of post-stimulus findings did not change(Miller & 

Chapman, 2001). As such, and given that the primary focus of the study is post-stimulus 

activity, pre-stimulus analyses and findings are reported in the Online Supporting 

information.

Given that left 40Hz steady-state activity may decrease as a function of age in controls 

(Berman et al., 2016), and given the observation in a recent meta-analysis of 40Hz steady-

state studies of a trend for larger 40Hz steady-state group differences for patients with SZ 

younger than 39.8 years versus patients older than 39.8 years (Thune, Recasens, & Uhlhaas, 

2016), the effect of age on group differences was examined, with the hypothesis that an age-

related decrease in left STG 40Hz steady-state activity in HC would mask 40Hz steady-state 

group differences.

Finally, analyses of the time-domain evoked signal examined group differences with respect 

to the ability to maintain a stable 40Hz steady-state response. In particular, the T2
circ 

procedure described in Victor and Mast (Victor & Mast, 1991) determined whether a 40Hz 

steady-state response was present in each participant, via a quantitative analysis of a steady-

state response against a background of additive noise. The evoked time-domain 40Hz 

steady-state response was used for T2
circ analyses, using as input epochs of 125 ms (= 5 

cycles of 40Hz activity), starting at 300 ms, and thus obtaining 5 epochs over a 300 to 925 
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ms period for each evoked 40Hz steady-state response (an earlier start time for these 

analyses selected given the need to obtain sufficient epochs).

2.7 Statistical Analyses

ANOVAs on the full sample examined group differences in the two post-stimulus intervals, 

with hemisphere as a repeated measure. Given a slightly skewed distribution of TP and T2
circ 

values in both groups, TP and T2
circ analyses were performed on log-transformed values. In 

each analysis, participants more than 2.5 standard deviations from the sample mean were 

excluded (generally none and at most 1 participant per analysis).

3. Results

Analyses presented in the Online Supporting information showed no differences between SZ 

and HC in goodness-of-fit (GOF) or dipole orientation.

3.1 Time-frequency ANOVAs

Figure 1 shows TP and ITC findings.

3.1a Post-stimulus low-frequency activity—MEG ANOVAs showed an effect of 

Hemisphere (right > left) for TP, F(1,94) = 5.02, p < 0.05, and a marginal effect (right > left) 

for ITC, F (1,94) = 3.27, p = 0.07. A Group effect (HC > SZ) was observed for TP, F (1,94) 

= 4.92, p < 0.05, trending (HC > SZ) for ITC, F (1,94) = 2.80, p = 0.10. For EEG, 

Hemisphere was not significant for TP or ITC (ps > 0.05), but a Group main effect showed 

HC > SZ for TP, F (1,93) = 4.90, p < 0.05, and for ITC, F (1,94) = 16.56, p < 0.001.

3.1b 40 Hz steady-state activity—MEG ANOVAs showed Hemisphere effects (right > 

left) for TP, F (1,94) = 34.15, p < 0.001, and for ITC, F (1,94) = 43.82, p < 0.001. EEG 

ANOVAs showed a marginal effect of Hemisphere (right > left) only for ITC, F (1,94) = 

3.45, p = 0.07. No effects involving Group were significant.

3.1c Summary—Group differences were observed only for low-frequency activity. For 

comparison with previous and future studies, Table 2 provides TP and ITC mean and 

standard deviation values as well as Cohen’s d group effect sizes. For comparison with other 

studies, Online Supplement Figure 2 provides time-frequency plots using an earlier 0 to 500 

ms interval for 40Hz steady-state activity (see (Hamm et al., 2015)). Findings using the 

earlier 40Hz steady-state interval were analogous to those for the above interval (with no 

40Hz steady-state group difference). Finally, in SZ, none of the MEG or EEG post-stimulus 

measures above was associated with medication (olanzapine equivalent, calculated based on 

the clinical dosing equivalencies provided in Gardner et al. (Gardner, Murphy, O’Donnell, 

Centorrino, & Baldessarini, 2010)). Average olanzapine equivalent dose was 15.65 mg (SD 
= 9.56).

3.2 Regression Analyses

Regressions with age entered first, Group second, and the interaction term last examined 

associations between age and post-stimulus dependent measures.
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3.2a Predicting post-stimulus low-frequency activity—As shown in Table 3a and 

3b for MEG and EEG, no effect of age on post-stimulus low-frequency group differences 

was observed. Whereas MEG analyses indicated group differences in left STG (significant 

for TP and marginally significant for ITC), EEG analyses indicated low-frequency group 

differences bilaterally.

3.2b Predicting 40Hz steady-state activity—As shown in Table 3a, MEG regression 

analyses showed left STG Age × Group interactions (marginally significant for left STG TP 

and significant for left STG ITC). The Figure 2 MEG scatterplots (far left panels) show a 

negative association between age and left STG 40Hz steady-state activity in HC but not SZ. 

For EEG, although regression analyses showed a main effect of Age for left STG TP and 

ITC and no Group × Age interaction, the Figure 2 EEG ITC scatterplots generally mirror the 

MEG findings, with the EEG left STG scatterplots indicating a more prominent age-related 

decrease in 40Hz steady-state activity in HC, and with the scatterplots suggesting in some 

instances possibly lower 40Hz steady-state activity in older HC versus older SZ (e.g., see 

MEG and EEG left ITC scatterplots).

To explore this issue, t-tests were run separately for younger and older participants via a 

median split on age = 40 years (sample size for younger and older groups differed slightly 

given multiple participants at the same median age of 40 years as well as different numbers 

of HC and SZ above and below the total sample median age). Online Supplement Table 2 

shows that the pattern of HC and SZ group effects of age, IQ, education, and SES observed 

in the full sample was also observed in the younger and older participants. Exploratory t-

tests showed no differences in IQ, education, or self or parental SES between the younger 

and older HC or younger and older SZ.

Figure 3 shows 40 Hz group difference findings separately for younger and older 

participants (for comparison, younger and older group differences for pre-stimulus activity 

and post-stimulus low-frequency activity are also shown). HC > SZ 40Hz steady-state group 

differences were observed only for MEG left STG 40Hz steady-state ITC in the younger 

participants. As suggested by the EEG 40Hz steady-state ITC and age scatterplots in Figure 

2 and as shown in Figure 3, in the older participants significant EEG SZ > HC 40Hz steady-

state ITC group differences were observed in left STG. For comparison with previous and 

future studies, Online Supplement Tables 3 and 4 provide TP and ITC mean and standard 

deviation values as well as Cohen’s d group difference effect sizes for the younger and older 

participants. For comparison with the 40 Hz steady-state younger and older analyses, Online 

Supplement Tables 3 (younger participants) and 4 (older participants) provide low-frequency 

TP and ITC mean and standard deviation values as well as Cohen’s d group difference effect 

sizes.

3.3 EEG Sensor and PCA Measures

Table 4 shows sensor-space PCA and EEG Cz and Fz group differences for each ROI in the 

full sample. Analogous to the source-space analyses, all sensor measures except PCA TP 

indicated higher post-stimulus low-frequency TP and ITC in HC than in SZ. Also, analogous 
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to the source-space analyses, no 40Hz steady-state group differences were observed in the 

full sample.

3.4 Time-domain 40Hz Steady-state T2
circ Measures

Given a skewed distribution (some individuals with very high T2
circ values), group 

differences in T2
circ were computed on log transformed T2

circ values. Similar to the time-

frequency TP and ITC 40Hz steady-state findings, in the full sample no group differences 

were observed for T2
circ for any source space or sensor measure (all ps > 0.15). Exploratory 

analyses also examined younger and older T2
circ group differences. In the younger 

participants, HC > SZ T2
circ values were observed for MEG left STG (p < 0.05) and EEG 

left STG (p < 0.05). In the older sample, no T2
circ group differences were observed.

4. Discussion

The literature on neural oscillatory auditory responses in SZ has been plagued by 

inconsistencies in findings that may be driven in part by inconsistencies in measurement, 

constituting an obstacle to identifying neural mechanisms contributing to perceptual 

abnormalities in SZ. Present results indicate that, whereas HC and SZ auditory encoding 

low-frequency effects are generally comparable across modality and analysis strategies, 40 

Hz steady-state difference findings are much more dependent on modality and analysis 

strategy. In particular, low-frequency analyses did not support the hypothesis of better group 

differentiation for source than sensor measures, with post-stimulus low-frequency group 

differences observed across all recording strategies (source and sensor), indicating that the 

detection of low-frequency group differences is generally not reliant on recording or analysis 

strategy. In contrast, the 40Hz steady-state analyses supported the study hypothesis, although 

given an age-related decrease in left STG 40Hz steady-state activity in HC, the expected HC 

> SZ 40Hz steady-state group differences were evident only in the younger participants’ 

source-space measures (MEG left STG 40 Hz ITC and MEG and EEG left STG T2
circ). For 

EEG, given strong age-related 40Hz steady-state changes in HC, 40Hz steady-state group 

differences were in the unexpected direction in older participants (left STG ITC). As 

detailed below, these results help make sense of the 40Hz steady-state inconsistencies in the 

literature - in some studies 40 Hz steady-state activity is greater in controls than individuals 

with schizophrenia, in some the converse, and in some studies no group differences are 

observed.

4.1 Age Confound in Assessment of Auditory Encoding Processes

4.1a Post-stimulus low-frequency activity—As in previous studies, post-stimulus 

low-frequency TP and ITC auditory encoding activity was lower in SZ than in HC 

(Blumenfeld & Clementz, 2001; Clementz & Blumenfeld, 2001; J. C. Edgar et al., 2008; 

Jansen et al., 2004; Johannesen et al., 2005). Although as in previous studies there was some 

evidence for larger post-stimulus low-frequency group differences in the left than right STG 

(J. C. Edgar et al., 2014; Hall et al., 2011), in the present study ANOVA analyses showed 

only main effects of Group and no Group × Hemisphere interaction. Age did not predict 

post-stimulus low-frequency activity, but Online Tables 3 and 4 indicated larger group 

difference effects for post-stimulus low-frequency activity in younger (left STG Cohen’s d 
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ranging from 0.76 to 1.08) than older participants (left STG Cohen’s d ranging from (0.15 to 

0.38).

4.1b 40Hz steady-state activity—In the full sample, no SZ/HC group difference in 

40Hz steady-state activity was observed. This null finding was somewhat surprising in light 

of many studies reporting less 40Hz steady-state activity in SZ (Brenner et al., 2003; 

Krishnan et al., 2009; Kwon et al., 1999; Light et al., 2006; Spencer, Salisbury, Shenton, & 

McCarley, 2008; Teale et al., 2008; Tsuchimoto et al., 2011; Vierling-Claassen, Siekmeier, 

Stufflebeam, & Kopell, 2008). As outlined in the Introduction, however, given an age-related 

decrease in left 40Hz steady-state TP and ITC in HC, it was hypothesized that HC and SZ 

left STG 40Hz steady-state group differences would be more prominent in younger than in 

older participants. This hypothesis received support. As shown in Tables 3a,b and Figure 2, 

older age was associated with less left STG 40Hz steady-state activity, and the 40Hz steady-

state analyses splitting by age showed more robust left 40Hz steady-state activity in HC than 

in SZ only in younger participants (MEG left ITC and EEG and MEG left T2
circ). In 

contrast, higher EEG left 40Hz steady-state ITC in SZ than in HC was observed in the older 

participants (see Figure 3 and Online Supplement Table 4).

In a meta-analysis of 40Hz steady-state studies of SZ, Thuné et al. (Thune et al., 2016) 

observed a trend for an effect of age on group differences (p=0.09), with HC versus SZ 

effect sizes 0.52 for patients older than 39.8 years and 0.77 for patients younger than 39.8 

years. Present findings extend Thuné et al. (Thune et al., 2016) by showing that this effect 

may largely be due to an age-related decrease in left STG 40Hz steady-state activity in HC. 

Present findings and the Thuné et al. review thus demonstrate that studies examining HC and 

SZ group differences in STG 40Hz steady-state activity are more likely to observe group 

differences when examining younger participants, such as comparing first-episode SZ and 

age-matched controls. Several studies provide support for this claim. In particular, studies 

examining controls and individuals with SZ with a mean age in the late 30s (Rass et al., 

2012) and early 40s (Hong et al., 2004) have reported only trend-level group differences 

(Rass et al., 2012) or no group differences (Hong et al., 2004). Hamm et al. (Hamm et al., 

2012), reporting auditory steady-state activity in HC and SZ participants with a mean age of 

~40 years (SD ~= 8.5 years), observed greater steady-state activity in SZ than in HC, with 

the greater 40Hz steady-state response in SZ perhaps due to the age-related decrease in 

40Hz steady-state activity present in controls. In contrast, studies examining first-episode 

and early onset SZ have reported HC versus SZ 40Hz steady-state group differences 

(Spencer et al., 2009; Wilson et al., 2008). Nevertheless, some studies examining older 

participants (mean age greater than 40 years) have reported HC versus SZ group differences 

(Hirano et al., 2015; Krishnan et al., 2009; Kwon et al., 1999). (It is of note that HC and SZ 

samples sizes for the separate younger and older participant analyses in the present study are 

similar to or larger than the majority of previous studies examining 40Hz steady-state 

activity in SZ (see Table 1 in Thune et al. ref (Thune et al., 2016)), and thus the above 

comparisons are reasonable.)

The present finding of age-related changes in 40Hz steady-state activity can be interpreted 

within the context of other studies, with a review of the 40Hz steady-state literature 

indicating an inverted-U shape function for 40Hz steady-state activity in typically 
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developing participants, with absent or very weak 40Hz steady-state activity in children and 

young adolescents (Cho et al., 2015; J. C. Edgar et al., 2016; Rojas et al., 2006), relatively 

large 40Hz steady-state responses through late adolescents and middle age, and then weaker 

40Hz steady-state responses in older age. The above pattern indicates that 40Hz auditory 

driving stimuli may not be optimal for examining STG 40Hz auditory neural circuits in 

younger populations (e.g., children with autism spectrum disorder) or in elderly populations.

4.2 Comparing Low-frequency and 40Hz Steady-state Group Differences

Differences between the pattern of 40Hz steady-state and post-stimulus low-frequency 

source and sensor group effects may be due to the fact that the latter are less lateralized and 

thus make reliance on focused measurement of left and right STG post-stimulus low 

frequency activity less critical. In addition to low-frequency oscillatory activity being larger 

than 40Hz oscillatory activity (thus low-frequency activity having a higher signal-to-noise 

ratio), low-frequency oscillatory abnormalities in SZ are observed in multiple brain regions 

(Y. H. Chen et al., 2016; Fehr et al., 2001; Pascual-Marqui et al., 1999; Sponheim, 

Clementz, Iacono, & Beiser, 1994; Winterer et al., 2000). As a consequence, assessment of 

low-frequency auditory abnormalities in SZ may be less dependent on recording strategy. 

Perhaps more importantly, whereas local networks of pyramidal cells and inhibitory 

interneurons in superficial cortical layers are likely sufficient to maintain the 40Hz driving 

response (Cardin et al., 2009; Rubenstein & Merzenich, 2003; Tamas, Buhl, Lorincz, & 

Somogyi, 2000; Tiesinga & Sejnowski, 2009), low-frequency post-stimulus auditory activity 

(associated with the 50ms and 100ms auditory responses) reflects input to primary/

secondary auditory areas via thalamocortical interactions in deep cortical layers as well as 

interactions between temporal and frontal areas (Buffalo, Fries, Landman, Buschman, & 

Desimone, 2011; Y. Chen et al., 2013; Knight, Staines, Swick, & Chao, 1999), with these 

more spatially distributed post-stimulus low-frequency neural processes perhaps adequately 

assessed across recording and analyses methods.

Regarding specific EEG sensor-space strategies, PCA measures did not appear to show a 

clear advantage over EEG Cz or Fz sensor measures. 40Hz steady-state group differences 

were not observed at either Cz or Fz, but p-values suggested larger 40Hz steady-state group 

differences at Fz than Cz. Of note, however, the MEG and EEG one and two standard 

deviation lines in supplement Figure S1 show that in many participants the 40Hz steady-

state peak source/sink “hotspots” are not precisely at EEG Cz or Fz.

4.3 Study Limitations

Study findings must be interpreted within the context of stimuli and task, with future studies 

needed to determine whether similar findings are observed using click stimuli popular in the 

SZ literature, rather than 40Hz amplitude-modulated tones, as well as using shorter ISIs. 

Whereas use of a shorter ISI would reduce task time, too short an ISI would likely attenuate 

post-stimulus low-frequency activity and thus may reduce the ability to detect post-stimulus 

low-frequency group differences.

The present study has several limitations. First, most participants were chronic patients, 

almost all on medication. As such, it is not possible to determine whether the observed 
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abnormalities were due to the disorder or an effect of medication. As previously noted, 

however, several studies have reported that 40Hz steady-state abnormalities in SZ are 

present at first onset and in first-degree relatives (Rass et al., 2012; Spencer et al., 2008), 

arguing against a medication confound. In addition, in a review of 100 ms auditory studies 

Rosburg et al. (Rosburg et al., 2008) concluded that medication did not seem to account for 

group differences in N100 activity (related to the post-stimulus low-frequency activity 

examined in this study). As noted in Results, no associations between EEG and MEG 

auditory encoding measures and medication were observed (analogous findings for 40 Hz 

steady-state activity reported by Hirano et al. (Hirano et al., 2015)), again suggesting that 

present group difference findings were not due to medication.

Another limitation of the present study is that the orientation of the left and right STG 

dipoles was determined based on 40Hz steady-state activity (see Online Supplement Figure 

1). As a result, estimates of post-stimulus low-frequency activity may not have been optimal. 

However, given general similarity in the topography of the 40Hz steady-state and the 

P50/M50 and N100/M100 ERP/ERF, it is unlikely that this resulted in substantial error in 

estimates of post-stimulus low-frequency activity (and with similar error for HC and SZ), 

especially given very similar orientation in the 40Hz steady-state and M100 

generators(Weisz, Keil, Wienbruch, Hoffmeister, & Elbert, 2004). In addition, the fact that 

EEG sensor measures identified post-stimulus low-frequency abnormalities in SZ suggests 

that accurate dipole orientation is less of a concern for post-stimulus low-frequency activity 

than 40 Hz steady-state activity. Nonetheless, the bias in the study for better estimating 40Hz 

steady-state activity is noted.

Given a primary goal of comparing MEG and EEG source findings and EEG source and 

sensor findings, no correction was applied to control family-wise error. Of note, however, 

where marginally significant findings were observed, significant findings were generally 

observed in a closely related measure (e.g., marginally significant for TP but significant for 

ITC), indicating general consistency in findings. Although the number of tests could have 

been reduced by combining EEG and MEG to identify a combined measure that best 

differentiated SZ and HC, this line of investigation, although of interest, was outside the 

scope of the present study.

4.3 Conclusions

Post-stimulus low-frequency group differences were robustly observed across all recording 

methods (MEG and EEG source and sensor space), indicating that the identification of low-

frequency pathology in SZ is generally robust to recording method. In contrast, auditory 

40Hz steady-state group differences were best observed using source-space analyses and 

better observed in younger than older adult participants. Present findings thus suggest that 

optimal study design, data collection, and analysis methods depend on the auditory encoding 

measure of interest. Future work replicating these findings as well as extending this 

multimodal approach to compare other EEG and MEG clinical markers is needed so that 

such EEG and MEG work can move forward with an optimal data collection and analysis 

approach derived for each neural measure of interest as well as a head-to-head comparison 

of modality and analysis strategies.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Total power and inter-trial coherence time-frequency plots (grand average of controls 

shown), with boxplots (MEG = green border; EEG = yellow border) showing the mean and 

95% confidence intervals for each group (HC = blue; SZ = red) for left and right STG post-

stimulus low-frequency activity (4 to 16Hz activity averaged from 50 to 200 ms) and 40Hz 

steady-state activity (38 to 42Hz activity averaged from 500 to 1000 ms). In the boxplots, 

significant group differences are indicated (*p<0.05; **p<0.001; trends below p = 0.10 

reported with p-value).
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Figure 2. 
Scatterplots showing correlations between age and left and right STG 40Hz steady-state 

activity for MEG (left panels) and EEG (right panels), and for total power (TP, upper row) 

and inter-trial coherence (ITC, lower row). HC shown in blue and SZ in red. R2 values show 

the percent variance explained.
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Figure 3. 
The same as Figure 1 but showing findings for the younger and older participants. In the 

boxplots, significant pairwise group differences are indicated (*p<0.05; **p<0.001; trends 

below p = 0.10 reported with p-value).
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Table 1

Group demographics

HC (N = 55) SZ (N = 41)

mean SD mean SD

Age (years)
39.6
range

21 to 58
11.9

40.3
range

20 to 60
11.6

WISC IQ** 101.4 11.9 92.2 19.2

Education** (years) 14.8 1.5 13.0 2.0

SES** 49.3 16.8 66.5 8.7

Parental SES 43.4 15.5 47.8 19.5
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