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Functional magnetic resonance imaging (fMRI) scanners 
are unavoidably loud and uncomfortable experimental 
tools that are necessary for schizophrenia (SZ) neuro-
science research. The validity of fMRI paradigms might 
be undermined by well-known sensory processing abnor-
malities in SZ that could exert distinct effects on neural 
activity in the presence of scanner background sound. 
Given the ubiquity of resting-state fMRI (rs-fMRI) 
paradigms in SZ research, elucidating the relationship 
between neural, hemodynamic, and sensory processing 
deficits during scanning is necessary to refine the con-
struct validity of the MR neuroimaging environment. We 
recorded simultaneous electroencephalography (EEG)-
fMRI at rest in people with SZ (n = 57) and healthy 
control participants without a psychiatric diagnosis (n = 
46) and identified gamma EEG activity in the same fre-
quency range as the background sounds emitted from our 
scanner during a resting-state sequence. In participants 
with SZ, gamma coupling to the hemodynamic signal 
was reduced in bilateral auditory regions of the superior 
temporal gyri. Impaired gamma-hemodynamic coupling 
was associated with sensory gating deficits and worse 
symptom severity. Fundamental sensory-neural proc-
essing deficits in SZ are present at rest when considering 
scanner background sound as a “stimulus.” This finding 
may impact the interpretation of rs-fMRI activity in 
studies of people with SZ. Future neuroimaging research 
in SZ might consider background sound as a confounding 
variable, potentially related to fluctuations in neural ex-
citability and arousal.

Key words: schizophrenia/resting-state/EEG-fMRI/ 
gamma/excitation-inhibition balance/sensory gating

Introduction

Signal processing aberrancy in schizophrenia (SZ) spans 
sensory,1 motor,2 and cognitive domains.3 Rather than 
reflecting a singular neuroanatomical deficit or spe-
cific network dysfunction, these composite abnormal-
ities point toward global brain dysfunction,4 potentially 
arising from a fundamental excitatory-inhibitory (E/I) 
imbalance.5–8 Relating cellular abnormalities to human 
neurophysiology in patients with SZ remains a central 
translational challenge that depends on the construct va-
lidity of neuroimaging paradigms: does functional mag-
netic resonance imaging (fMRI) measure what we think 
it measures? Is resting-state really at “rest”?

Electroencephalography (EEG) can be used to identify 
putative biomarkers of E/I balance. There has been recent 
interest in the physiological significance of periodic (os-
cillatory) and aperiodic (broadband or non-oscillatory) 
components of the EEG signal,9 which may offer com-
plementary indices of E/I balance. Gamma oscillations 
are generated through coordinated interactions between 
excitatory and inhibitory currents,10,11 principally me-
diated by inhibitory interneurons,8 and that may be im-
paired in SZ.12 Alterations in gamma power in SZ are 
therefore thought to relate to disturbances in inhibitory 
transmission and E/I balance.13–16 In event-related EEG 
studies of SZ patients, gamma abnormalities are linked 
to stimulus-specific processing deficits, most notable in 
auditory paradigms17–22 that are linked to impaired sen-
sory gating23 and auditory hallucinations.24

E/I balance may also be inferred from the slope of the 
local field potential or EEG power spectrum reflecting 
aperiodic activity.25–27 This can be accomplished by 
estimating the slope of a linear fit to EEG spectra after 
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log-log transformation of frequency and power. The 
aperiodic exponent is estimated by β, in the 1/fβ model, 
and is equivalent to the negative slope in log-log space. 
Gao et al.27 have shown that increasing synaptic inhibi-
tion, through computational models, and experimentally 
through the administration of a GABAergic anesthetic, 
results in a significant increase (steepening) of the aperi-
odic slope. In contrast with gamma rhythms, which tend 
to reflect local processing dynamics, the aperiodic slope 
may capture global brain states such as the level of con-
sciousness, sleep, and arousal.28–31

Defining the relationship between E/I biomarkers and 
regional changes in ongoing hemodynamic activity is 
necessary to bridge cellular neuroscience, human electro-
physiology, and resting-state fMRI (rs-fMRI) studies in 
SZ. However, EEG biomarkers might be sensitive to ex-
perimental factors, such as scanner sound, that impinge 
on “pure” resting-state conditions. That is, neural activity 
may be driven by background stimuli that are unavoid-
able, such as scanner background sound,32 and that may 
also drive arousal.33 In healthy control (HC) participants, 
we have previously observed that gamma power fluctu-
ations were associated with BOLD activity in locally cir-
cumscribed auditory regions, whereas aperiodic power 
fluctuations were associated with distributed networks, 
including auditory, cerebellar, salience, and prefrontal re-
gions.34 We previously hypothesized that EEG measures 
of E/I balance might reflect processing of scanner back-
ground sound and spontaneous fluctuations in arousal 
during the resting-state.

In this current study, we hypothesized that E/I imbal-
ance in SZ might be revealed from reduced gamma power 
(deficient local inhibitory current) and flatter aperiodic 
slope (globally deficient inhibition) and associated with 
atypical regional and distributed BOLD signals. We fur-
ther hypothesized that aberrant gamma and aperiodic 
activity would reflect ongoing processing of scanner 

background sound and would be associated with subjec-
tive impairment in the gating of environmental auditory 
stimuli.

Using simultaneous EEG-fMRI, we first measure ape-
riodic and gamma EEG signals in HC and SZ partici-
pants while at rest and then use those signals as predictors 
in a whole-brain, parametric modulation analysis to test 
for group differences in EEG-BOLD coupling. Contrary 
to our initial hypothesis, we find no group differences in 
resting-state gamma or aperiodic EEG. However, we do 
find reduced BOLD coupling to gamma EEG in regions 
of the auditory cortex in SZ that are associated with 
impaired sensory gating. Our results have implications 
for rs-fMRI paradigms and studies of SZ in particular: 
changes in resting-state activity may be driven by una-
voidable scanner background stimuli.

Methods

Participants

The study included 57 people with SZ (n = 45) and 
schizoaffective disorder (n = 12, collectively referred to as 
SZ), and 46 HC participants matched for age and gender. 
One SZ and two HC participants had no usable EEG 
data collected during fMRI recording due to an amplifier 
connection problem and were excluded from the analysis. 
Participants were recruited through advertising and word 
of mouth, and SZ participants were referred by com-
munity outpatient clinics. Clinical and demographic data 
are presented in table 1. The HC participant sample and 
analysis have been previously reported.38

For both groups, exclusion criteria included substance 
abuse in the past 3 months, any significant medical or 
neurological illness, or head injury resulting in loss of 
consciousness. In addition, HC was excluded for any cur-
rent or past psychiatric disorder based on the Structured 
Clinical Interview for DSM-IV (SCID-IV), any history 

Table 1.  Group Demographic Data

  Schizophrenia Mean (SD) [Range] Healthy Control Mean (SD) [Range] Between-group Comparison P-value 

Number of participants 57 46
Age (years) 35.6 (13.9) [18–62] 38.3 (15.1) [18–69] .339
Gender 11F, 46M 9F, 37M .985
Average parental SESa 36.3 (18.1) 34.6 (18.6) .535
Handednessb 52R, 2L, 3A 41R, 2L, 3A .95
Estimated IQc 108.9 (8.85) 111.3  .217
Antipsychotic medication 13U, 39A, 4T, 1A + T  46U
PANSS total 65.43 (34.06)
PANSS positive total 16.84 (6.69)
PANSS negative total 17.16 (5.86)
SGI total 63.82 (34.06)

Note: PANSS, Positive and Negative Syndrome Scale; SGI, Sensory Gating Inventory
aThe Hollingshead four-factor index.35 Lower scores represent higher socioeconomic status (SES).
bThe Crovitz-Zener handedness questionnaire.36

cThe Wechsler Adult Intelligence Scale (IQ) was estimated based on the Wechsler Test of Adult Reading for native English-speaking par-
ticipants.37
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of substance dependence (except nicotine), or having a 
first-degree relative with a psychotic disorder. SZ parti-
cipants were excluded if  they met criteria for substance 
dependence within the last year. Associations between 
medication dosage (chlorpromazine equivalents) and 
EEG-BOLD coupling are reported in the supplemen-
tary material. A trained research assistant, psychiatrist, 
or clinical psychologist conducted all diagnostic and clin-
ical interviews, including the SCID-IV39 and the Positive 
and Negative Syndrome Scale (PANSS).40 The Sensory 
Gating Inventory (SGI)41 was completed as a written 
questionnaire.

Study procedures were approved by the University 
of California at San Francisco and the San Francisco 
Veterans Affairs Medical Center Institutional Review 
Boards. All participants provided written informed 
consent.

EEG-fMRI Acquisition

Details of our acquisition and preprocessing protocols 
are described in the supplementary material and have 
been previously reported.38,42 During acquisition, par-
ticipants were instructed to keep their eyes open and 
fixate on a white cross displayed on a black screen for 
6 min. Structural and fMRI data were collected using a 
3T Siemens Skyra scanner using an echo planar imaging 
(EPI) sequence.

fMRI Preprocessing

Statistical Parametric Mapping 8 (SPM8; software) 
was used for image preprocessing, including motion 
correction and slice-time correction. We implemented 
aCompCor (anatomic component-based noise correc-
tion), a principal components-based approach for noise 
reduction.43

EEG Acquisition and Preprocessing

EEG data were collected from 32 scalp sites with an 
additional electrode placed on the lower back to mon-
itor electrocardiogram (ECG). Data were recorded at 
5 kHz and down-sampled to 250 Hz. MR gradient arti-
facts were removed using artifact subtraction and im-
plemented in Brain Vision Analyzer 2.0.4.368 software 
(BrainProducts). The correction algorithm involved sub-
tracting an artifact template from the raw data, using a 
baseline-corrected sliding average of 21 consecutive vol-
umes to generate the template.44

Semi-automatic heartbeat detection was performed in 
Brain Vision Analyzer, where heartbeats were identified 
in the ECG channel that exhibited a high temporal cor-
relation (r > 0.5) with a heartbeat template and within-
range amplitude (0.6–1.7 mV). An average pulse curve is 
subtracted from the EEG separately for each heartbeat 
and channel.45

We implemented canonical correlation analysis as 
a blind source separation technique to remove electro-
myographic artifacts. This method is based on the ob-
servation that high-frequency noise in EEG (eg, muscle 
artifact) tends to show higher power at high frequencies 
than low frequencies, relative to EEG.46,47 Artifactual 
repetition time (TR) intervals were identified from the 
Fully Automated Statistical Thresholding for EEG ar-
tifact Rejection (FASTER) toolbox (outliers >±3 SD 
from mean for multiple measures).48 Independent com-
ponents analysis was then performed on each partic-
ipant in EEGLAB to remove rejected components. 
Noise components were identified by FASTER criteria 
as well as spatial correlations (r > 0.8) with eyeblink 
and ballistocardiac artifact templates. Examples of 
our artifact correction procedures are shown in the 
Supplementary Material.

Gamma and Aperiodic Parameter Estimation

Data from all 32 channels were segmented into 2-second 
epochs corresponding to whole brain acquisition time for 
each volume. We computed a Fourier transform within 
each epoch with a 2-second Hanning window (frequency 
resolution of 0.5 Hz) to obtain a power spectrum for each 
epoch. For each resulting power spectrum, we isolated pe-
riodic and aperiodic components using FOOOF (Fitting 
Oscillations and One Over F9) within the range of 1–50 
Hz. We examined low gamma oscillations within a band 
range of 30–50 Hz that are consistent with definitions 
provided by the International Federation of Clinical 
Neurophysiology.49 Mean power values for gamma and 
the aperiodic spectral exponent were extracted and en-
tered into a parametric modulation analysis, discussed 
below. Group differences in gamma power, aperiodic 
power, and the Pearson correlation between gamma and 
aperiodic power (after Fisher’s transformation) were de-
termined from unpaired t-tests at electrode FC5 (selected 
based on the parametric modulation analysis below, re-
sults do not change for other electrodes).

Parametric Modulation Analysis

The details of our approach are reported in a prior man-
uscript.38 Time series for gamma power and the aperiodic 
exponent were obtained for each 2-second TR and then 
z-scored. We utilized a whole-brain, parametric modula-
tion analysis50 using fluctuations in gamma and aperiodic 
EEG power dynamics as predictors for BOLD dynamics51 
in first-level fMRI analyses in SPM8. aCompCor noise 
components and motion parameters were included as nui-
sance regressors. For gamma and aperiodic EEG param-
eters, beta coefficients were estimated for each voxel’s 
time series, resulting in beta images representing BOLD 
fluctuations predicted by EEG parameter variance. Beta 
images were normalized to the Montreal Neurological 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad014#supplementary-data


1367

Deficient Gamma-BOLD Coupling in Schizophrenia at Rest

Institute’s (MNI) EPI template (http://www.bic.mni.
mcgill.ca) and smoothed with a 6 mm Gaussian kernel.

We focused our analysis on group contrasts identi-
fied as EEG-fMRI clusters with significant differences in 
gamma and aperiodic BOLD coupling between SZ and 
HC. Main effects of gamma-BOLD coupling, run as sep-
arate models for each group, are shown in the supplemen-
tary material. The cluster-finding threshold was set to P 
= .001 (two-tailed) and a spatial extent of 10 voxels based 
on established criteria.52,53 All cluster-level corrected 
P-values were also false discovery rate (FDR) corrected 
to account for multiple comparisons across channels. For 

significant clusters (pFDR < .05) beta coefficients were 
extracted and correlated with clinical measures to as-
sess the relationship between EEG-BOLD coupling and 
symptoms. Significant clusters with group differences 
were identified from electrodes FC5 and T8.

Results

Gamma and Aperiodic Slope

There were no group differences in gamma power or ape-
riodic slope in EEG alone (gamma: t(101) = 0.002, P = 
.99; aperiodic slope: t(101) = −0.87, P = .39; figure 1A 

Fig. 1.  (A) Grand average spectra, derived from the aperiodic (dashed line) and periodic fit (solid line) for all SZ (red) and HC 
participants (blue) from electrode FC5. Orange inset: Residual gamma power, which is measured after subtracting the aperiodic fit from 
the spectral data and calculating the average power in the 30–50 Hz range. (B) Scatter plot of residual gamma and the aperiodic exponent 
over all TR intervals at electrode FC5. (C) Scalp distribution of average residual gamma power in HC (left) and SZ (right) participants. 
Colorbar indicates the magnitude of power in microvolts. HC, healthy control; SZ, schizophrenia

http://www.bic.mni.mcgill.ca
http://www.bic.mni.mcgill.ca
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and 1C). For all participants, greater gamma power was 
associated with steeper slope (greater inhibition, mean r 
= 0.52; figure 1B) with no differences in slopes between 
HC and SZ participants (t(101) = 0.1408, P = .89).

EEG-BOLD Coupling

Whole-brain parametric modulation analyses revealed 
three clusters with an aberrant pattern of EEG-BOLD 
coupling in SZ (table 2). Gamma-BOLD coupling from 2 
regions of the bilateral superior temporal gyri (STG, in-
cluding the auditory cortex) was reduced in SZ (figure 2). 
In addition, BOLD activity in the left superior frontal 
gyrus (SFG, including the supplementary motor area 
[SMA]) showed an opposite direction of coupling in HC 
and SZ groups (figure 3). In the SFG cluster, HCs showed 
BOLD activity that was negatively coupled to the ape-
riodic exponent (flatter slope, more BOLD) whereas SZ 
showed BOLD activity that was positively coupled to the 
aperiodic exponent (steeper slope, more BOLD).

Scanner Sound Spectra

Given the presence of strong gamma-BOLD coupling in 
the auditory cortex with a gamma peak between 40 and 
50 Hz (figure 1A), we examined whether gamma-BOLD 
coupling in this region might reflect auditory processing 
of scanner background sound. In a preliminary test of 
this hypothesis, we recorded low-fidelity scanner sound 
from the console during a “phantom” (EEG cap only, no 
human participant present) resting-state sequence and es-
timated the power spectral density of the audio signal. We 
observed distinct low frequency peaks in the audio signal 
between 30 and 100 Hz in the power spectrum reflecting 
complex repeating scanner pulse sounds at ~900 Hz (car-
rier frequency, figure 4B). A distinct peak was present in 
the range of our EEG analysis, particularly above 40 Hz 
in the gamma range (see figure 4C). This activity was not 
present in EEG data collected outside of the scanner nor 
in phantom EEG-fMRI recordings from the EEG cap 
(see Supplementary Material).

Symptoms and Sensory Gating

Within SZ, beta weights extracted from gamma-BOLD 
coupling in STG clusters inversely correlate with sub-
jective self-report of sensory gating deficits as measured 
by the SGI (figure 5A and Supplementary Table S1). 
That is, deficient gamma-BOLD coupling in these re-
gions was associated with worse sensory gating. Deficient 
gamma-BOLD in the R STG was also associated with 
overall symptom severity and positive symptom severity 
(figure  5B and Supplementary Table S1). The SGI was 
not correlated with total PANSS scores or any of the 
PANSS subscales (Supplementary Table S2). Including 
both symptom severity on the PANSS and SGI in the 
same model, did not change the significance of either as 
a predictor of gamma-BOLD coupling (both Ps < .03).

Discussion

We investigated the hemodynamic correlates of ongoing 
E/I balance at rest by examining simultaneous BOLD 
coupling to fluctuations in gamma power and the aperi-
odic spectral slope in HC participants and participants 
with SZ. We found reduced BOLD coupling to gamma 
power in the STG in participants with SZ, including re-
gions of the auditory cortex. Patients with worse subjec-
tive gating of sensory stimuli and more severe psychotic 
symptoms showed the most deficient BOLD coupling. 
SZ participants also showed inverse coupling to aperiodic 
slope in the SFG, specifically the supplementary motor 
cortex. We hypothesized that gamma oscillations in our 
paradigm might be entrained to the sounds generated by 
the MR scanner. In support of this hypothesis, we iden-
tified peaks in the gamma range from a spectral analysis 
of the audio signal generated during the resting state se-
quence that were not present during EEG recordings con-
ducted outside of the scanner.

We suggest that the resting-state condition is not “at 
rest” but instead reflects sensory processing of scanner 
sound. Therefore, rs-fMRI paradigms may be an una-
voidable but also semi-naturalistic paradigm to study 
background auditory sound processing in SZ, a popula-
tion for whom sensory processing deficits are well-known 
and related to functional impairment.1 Our findings have 
implications for the use of neuroimaging technology in 
psychiatric populations, such as SZ, that may be differ-
entially impacted by environmental features, such as loud 
background sounds.

E/I Balance, Gamma, and Aperiodic Slope

A priori, we planned to examine gamma oscillations 
and aperiodic slope as putative indices reflecting E/I bal-
ance. For all participants, gamma power was correlated 
with aperiodic slope (increased power associated with 
a steeper slope), explaining about 25% of the variance 
in aperiodic slope. In contrast with our hypothesis, we 

Table 2.  Clusters with a Significant Difference in EEG-BOLD 
Coupling between SZ and HC

EEG Param-
eter Cluster Voxels 

Peak MNI 
(x, y, z) pFDR 

Residual 
Gamma power

Right 
STG

88 60, −13, 7 .038

Left STG 73 −45, −19, 19 .052
Aperiodic 
slope

Left SFG/
SMA

134 −9, 2, 70 .01

Note: EEG, electroencephalography; MNI, Montreal Neurologic 
Institute; STG, superior temporal gyri; SFG, superior frontal 
gyrus; SMA, supplementary motor area.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad014#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad014#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad014#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad014#supplementary-data
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observed no difference in either spectral slope or gamma 
power between HC and SZ. Atypical gamma oscillations 
are widely reported in SZ, with most studies reporting 
reduced power and phase locking of both evoked and 
resting-state oscillations.54 However, results of resting-
state studies are less consistent, with some studies also 
reporting increased gamma power during rest.16,55 In 
contrast with gamma band studies, there is limited prior 
work examining the aperiodic slope in SZ with a pre-
liminary report of reduced spectral exponent during a 
working memory task56 and no apparent difference in an-
other study.57 Given that we are unable to identify group 
differences in either of our putative measures of E/I bal-
ance in the context of a simultaneous EEG-fMRI study, 
we suggest that features of the scanner environment, and 
scanner sound in particular (as we discuss below), are 
driving neural excitability and could be obscuring group 
differences.

Deficient Gamma-BOLD Coupling

HCs show coupling between gamma power and BOLD 
activity in the right and left STG, while participants with 
SZ show deficient gamma-BOLD coupling in these same 
regions. These regional findings align closely with our 
prior examination of EEG-BOLD coupling in SZ using 
joint independent component analysis in an auditory 
processing task.42 In that study, we identified fMRI ac-
tivation in the STG and middle temporal gyri associated 
with the N100 event-related potential (ERP), a compo-
nent elicited 100  ms following an auditory stimulus. In 
the current study, we find similar activation in STG as-
sociated with gamma power. We, therefore, suggest that 
even in the absence of an explicit auditory task, scanner 
noise may induce STG gamma-BOLD coupling that re-
flects auditory processing.

Our investigation into the spectral features of the 
scanner environment revealed peaks near 40 Hz in the 

Fig. 2.  (A) Two clusters identified deficient BOLD Coupling to Gamma power in SZ. The magnitude of the T-score (HC > SZ) is given 
by the colorbar. (B) Beta weights from the clusters shown in (A). (C) Axial sections that include the clusters shown in (A). HC, healthy 
control; SZ, schizophrenia.
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power spectrum that might reflect repeating scanner pulse 
sounds at ~900 Hz (carrier frequency). Furthermore, re-
duced STG gamma-BOLD coupling was associated with 
more severe sensory gating deficits; we speculate that 
gamma-BOLD coupling in the auditory cortex may re-
flect the neurophysiological processes involved with 
suppressing or gating irrelevant scanner sound. The as-
sociation between gamma-BOLD activity and the SGI 
remained significant after controlling for PANSS total 
symptom severity. Nonetheless, differences in gamma-
BOLD coupling could also reflect more general phe-
nomena, such as differences in arousal or overall severity 
of psychopathology, as is suggested by the association 
between gamma-BOLD coupling and total symptoms.

Deficits in early auditory processing have been exten-
sively reported in SZ,1 with impaired gamma power58 and 
auditory BOLD activation59 reported during auditory 
paradigms. Most relevant to the current study are audi-
tory steady-state response (ASSR) paradigms, in which 
participants with SZ show reduced power and phase-
locking of gamma oscillations to rapidly repeating (40 

Hz) auditory stimuli.19–22,54 40 Hz stimulus frequency is 
most effective for producing the superposition of tran-
sient neural responses (gamma entrainment)60; we spec-
ulate that the current results reflect gamma activity 
entrained to scanner sound pulses near 40 Hz.

Aperiodic-BOLD Coupling

HC and SZ participants showed opposite BOLD cou-
pling relationships to the aperiodic slope in frontal re-
gions. That is, a larger BOLD signal was associated with 
a flatter (more excitatory) slope in HCs and a steeper 
(more inhibitory) slope in SZ. This finding was localized 
to the SFG and regions of the SMA, which is also in-
volved with auditory processing and particularly audi-
tory imagery.61,62 Notably, these findings overlap spatially 
with regions associated with auditory ERP components 
reported in our prior study.42 We previously found BOLD 
activation in frontal regions including the SFG that was 
associated with the P200 ERP and is thought to index 
later auditory processing that is modulated by attention. 

Fig. 3.  (A) One cluster in the SFG identified an opposite pattern of aperiodic-BOLD coupling in HC and SZ participants. The magnitude 
of the T-score (SZ > HC) is given by the colorbar. (B) Beta weights derived from the cluster shown in (A) reveal positive coupling in SZ 
and negative coupling in HCs. (C) A graphical representation depicting the direction of aperiodic slope coupling to BOLD. SZ and HC 
participants show the same average spectral exponent (solid line). Fluctuation in the exponent is differentially coupled to BOLD in SZ vs 
HC (positive vs negative Beta weight from B): positive coupling yields a steeper slope (a greater spectral exponent, dashed red line) and 
negative coupling yields a flatter slope (smaller spectral exponent, dashed blue line). (D) Coronal sections that include the cluster shown in 
(A). HC, healthy control; SZ, schizophrenia; EEG, electroencephalography; SFG, superior frontal gyrus.
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Our finding of altered aperiodic-BOLD coupling in the 
SFG may relate to attentional mechanisms involved in 
auditory processing of scanner sound. Participants with 
SZ show reduced frontal BOLD recruitment during 
task-relevant stimuli but allocate excessive resources to 
task-irrelevant stimuli.63 Similar attentional mechanisms 
could influence the processing of MR scanner sound, and 
potentially as compensation for deficient sensory gating 
within primary auditory regions.

Broadly, these findings may be interpreted in the con-
text of frontal inhibitory deficits in SZ and compensatory 
hemodynamic support. Our findings indicate that frontal 
metabolic work is required to maintain E/I balance func-
tions in opposite directions in SZ and HC: increased 
metabolic work is required for excitation in HC and for 

inhibition in SZ. Thus, while we did not find evidence of 
altered aperiodic slope in SZ, we speculate that altered 
aperiodic-BOLD coupling may be indicative of compen-
satory metabolic resources required to maintain sufficient 
frontal inhibition in SZ.

Implications and Future Directions

In single modality, fMRI-only studies, ongoing resting-
state neural signals are frequently attributed to internal 
processes and the default mode network (DMN).64 Our 
focus on concurrent EEG-fMRI recordings reveals that 

Fig. 4.  (A) Tracing of the amplitude of the scanner sound signal 
recorded during the first second of the resting-state sequence. (B) 
Sound signal spectra of the 6-minute resting-state sequence. (C) 
Sound spectra within the range of EEG activity recorded in this 
experiment. EEG, electroencephalography.

Fig. 5.  (A) Total sensory gating inventory score (ordinate) 
inversely correlates with the strength of R STG Gamma-BOLD 
coupling SZ (abscissa). Regression line is given by the solid line, 
dashed lines indicate the 95% confidence interval. (B) Greater 
total symptoms on the PANSS (ordinate) inversely correlates with 
the strength of R-STG Gamma-BOLD coupling SZ (abscissa). 
SZ, schizophrenia; STG, superior temporal gyri; PANSS, Positive 
and Negative Syndrome Scale.
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EEG activity may also be linked to stimulus-specific proc-
essing of the external environment. This processing might 
further interact with internal processing, or suggest indi-
vidual differences in background processing, as we have 
observed within this population of SZ participants. Future 
studies might query participants about their experience in 
the scanner to derive post-hoc measures of attentional 
focus (eg, scanner sounds or self-referential thoughts). We 
hope that our work prompts a re-consideration of resting-
state methodology in SZ. Future studies might examine if  
well-studied DMN connectivity differences might be im-
pacted by participant attentional orientation while at rest.32

Limitations

Our study is primarily limited by the fact that we do not 
have unique and specific scanner sound parameters, in-
cluding onset/offset timing, for direct correlation with 
EEG or BOLD signals on a scan-by-scan basis. While 
our results suggest that EEG-BOLD coupling plays a 
role in auditory processing, our paradigm was not spe-
cifically designed to test this hypothesis. EEG studies are 
needed that examine the scanner environment and sound, 
but in the absence of a magnetic field. Although we did 
not find group differences in resting-state aperiodic slope 
or gamma power, we cannot rule out the possibility that 
such differences would be present during a single mo-
dality EEG recording conducted outside of the scanner. 
For this reason, it is difficult to interpret our results in the 
context of other resting-state studies, particularly resting-
state EEG studies that are recorded outside of a scanner. 
Additionally, EEG-fMRI artifacts such as head motion 
are not fully addressed in the absence of advanced ap-
proaches that adapt select EEG electrodes as motion 
sensors.65 Therefore, it is possible that the gamma band 
activity we observed might be contaminated by move-
ment or muscle artifacts exacerbated by the scanner en-
vironment. Future studies are needed to investigate how 
the scanner environment, including scanner sound, pos-
ture and being in an enclosed space might influence EEG 
activity.66 These factors might differentially impact parti-
cipants with SZ, indicating the need for detailed study of 
environmental scanner effects across clinical populations.
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Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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