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ABSTRACT
Schizophrenia spectrum disorders (SSD) are marked by cognitive deficits and clinical symptoms linked to disrupted neural 
oscillations. While changes in spectral power are well documented in SSD, many studies have not clearly separated rhythmic 
(periodic) from the nonrhythmic (aperiodic) brain activity. This study examined both periodic and aperiodic resting-state EEG 
components in SSD, recorded from 152 healthy controls and 97 SSD participants. EEG features (periodic power, bandwidth, 
center frequency; aperiodic exponent and offset) were extracted from global scalp averages and frontoinsular regions, including 
the dorsal anterior cingulate cortex (dACC), right anterior insula (R-INS), and left anterior insula (L-INS). At the scalp level, 
SSD individuals exhibited a global increase in theta power, along with a decreased alpha center frequency. Aperiodic activity 
showed increased exponent and offset in SSD. In frontoinsular regions, increased theta power was observed in the dACC, R-INS, 
and L-INS, along with lower alpha center frequency in L-INS. No significant differences were found for aperiodic activity in 
these regions. Increased frontoinsular theta power, especially in the dACC, was associated with worse cognitive performance, 
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particularly global cognition and working memory. These findings highlight the importance of separating periodic and aperiodic 
EEG activity in SSD, suggesting that periodic alterations, particularly in frontoinsular theta oscillations, may underlie cognitive 
dysfunction in SSD.

1   |   Introduction

Understanding the neural basis of cognitive and clinical symp-
toms in schizophrenia spectrum disorders (SSDs) remains one 
of the most pressing challenges in clinical neuroscience (Kahn 
et al. 2015; McCutcheon, Reis Marques, et al. 2020). Cognitive 
impairments in SSD emerge early and affect multiple aspects 
of personal and social functioning, with general cognitive 
performance being 1.5 standard deviations lower compared 
to a healthy control (HC) population (McCutcheon, Keefe, 
et al. 2023). These impairments are closely linked to structural 
and functional brain alterations, driving ongoing efforts to iden-
tify markers that can offer closer insights into disease status and 
progression (Gordillo et al. 2023; Porter et al. 2023).

There is abundant evidence suggesting widespread structural 
and functional abnormalities across mental disorders (Dong 
et al. 2018; Picó-Pérez et al. 2022; Sha et al. 2019). Of particular 
importance, Goodkind et al. (2015) identified the dorsal anterior 
cingulate cortex (dACC) and bilateral anterior insula as three 
brain regions commonly affected across both psychotic and non-
psychotic mental illnesses, suggesting that these frontoinsular 
regions may serve as transdiagnostic vulnerability hubs. More 
recently, a large-scale network-based study reinforced the cen-
trality of these frontoinsular regions, showing that they not only 
exhibit consistent alterations but also act as disease epicenters 
in schizophrenia, from which structural and functional pathol-
ogy appears to propagate (Jiang et al. 2024). In contrast to other 
brain regions (e.g., the hippocampus or temporoparietal regions), 
which show greater inter-individual variability, the frontoinsular 
alterations emerge as consistently altered and spatially central 
in schizophrenia (Jiang et  al.  2024). Moreover, altered activity 
within these regions has been linked to impaired salience pro-
cessing, which may contribute to the origin and maintenance of 
cognitive and clinical symptoms in SSD (Menon et al. 2023).

Neural oscillations provide a reliable index of brain functions 
and play a crucial role in coordinating communication between 
brain regions (Hirano and Uhlhaas 2021). Disruptions in these 
oscillatory mechanisms are increasingly regarded as potential 
markers of both cognitive and symptomatic impairments in SSD 
(Günther and Hanganu-Opatz 2022; Phillips and Uhlhaas 2015). 
Altered activity across both low- and high-frequency bands is 
widely reported, specifically amplitudes including theta and 
gamma frequency bands in first-episode, unmedicated, and 
chronic schizophrenia individuals during resting-state EEG 
(Hirano et  al.  2015; Hirano and Uhlhaas  2021). While alpha 
power differences in SSD are less stable, alpha peak power 
frequency is notably reduced in SSD and is closely associated 
with cognitive dysfunctions (Catalano et  al. 2024; Sponheim 
et al. 2023).

Besides oscillatory (periodic) brain activity, the brain also gener-
ates nonrhythmic (aperiodic) activity that follows a characteristic 

1/f-like spectral distribution (Donoghue et  al.  2020; He  2014). 
This activity is thought to reflect the brain's excitation and in-
hibition (E/I) balance, as shown in both in  vivo and in silico 
models (Gao et al. 2017; Wiest et al. 2023), and its modulation 
has been associated with improvements in symptoms and cog-
nition in SSD and major depression (Molina et al. 2020; Smith 
et  al.  2023). However, findings on group differences between 
SSD and HC remain mixed, with reports of increased, de-
creased, or unchanged aperiodic components, potentially due to 
differences in study design (Donoghue 2024). The contribution 
of resting-state periodic and aperiodic activity to pathophysiol-
ogy and clinical symptoms still remains unclear, particularly 
within the epicenters of SSD.

This study aimed to investigate how periodic and aperiodic 
resting-state EEG activities are altered in SSD, both at the scalp 
level and within frontoinsular regions, and how these alter-
ations relate to cognitive functioning and symptom severity. 
The existing literature is limited, lacking insight into how these 
components differ between individuals with SSD and healthy 
controls, particularly within frontoinsular regions that are cen-
tral to SSD pathophysiology. Given their transdiagnostic vulner-
ability, centrality in schizophrenia-related network pathology, 
and involvement in salience processing, we selected the bilateral 
anterior insula and dACC as a priori regions of interest. These 
regions were chosen to examine whether alterations in oscilla-
tory and aperiodic EEG activity in SSD converge on structurally 
and functionally critical neural hubs. For anatomical preci-
sion, we used ROI masks derived from the original Goodkind 
et al. (2015) study. We first compared the global scalp-level pe-
riodic activity (power, bandwidth, and center frequency) across 
theta, alpha, beta, and low-gamma frequency bands, along with 
aperiodic activity quantified as exponent and offset, and sought 
to resolve discrepancies in the literature using a relatively large 
cohort. We repeated the same analyses for the frontoinsular re-
gions, expecting alterations based on previous evidence of func-
tional and structural changes in these areas. Subsequently, we 
examined how these alterations relate to cognitive performance 
as well as symptom severity in SSD.

2   |   Materials and Methods

2.1   |   Study Sample and Design

The sample for this study is part of the Munich Clinical 
Deep Phenotyping study (Krčmář et  al.  2023), which was 
approved by the local ethics committee of LMU Munich 
(approval numbers: 20-528 and 22-0035) and registered in 
the German Clinical Trials Register (DRKS, registration 
ID: DRKS00024177). Participants included both inpatients 
and outpatients who were recruited at the Department of 
Psychiatry and Psychotherapy, LMU University Hospital, 
Munich, Germany. HC subjects were recruited from the 
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local community by advertising online and in public places. 
Inclusion criteria for patients were a diagnosis of schizophre-
nia, schizoaffective disorder, brief psychotic disorder, unspec-
ified schizophrenia spectrum disorder (SSD), and delusional 
disorder, according to the German version 7.0.2 of the MINI 
International Neuropsychiatric Interview (Sheehan et  al. 
1998). HC participants were screened using the same diagnos-
tic interview and excluded if any current or past mental disor-
der was suspected.

All of the participants were assessed with the Positive and 
Negative Syndrome Scale (PANSS) (Kay et al. 1987). Cognitive 
performance was assessed using the German version of the Brief 
Assessment of Cognition in Schizophrenia (BACS), with scores 
standardized as z-scores using the HC group as reference (Keefe 
et al. 2004; Sachs et al. 2011). All clinical interviews and ques-
tionnaires were performed by trained personnel. Information 
about current medication, such as antipsychotic medication and 
benzodiazepine use, was obtained from medical records and 
self-report of the participants. Antipsychotic medications were 
converted (when applicable) to common chlorpromazine equiv-
alent doses (CPZeq) based on the defined daily doses (DDD) 
method (Leucht et al. 2016).

2.2   |   Magnetic Resonance Imaging 
and Preprocessing

To increase the precision of EEG source localization, anatom-
ical MRI T1w MPGRAGE and T2w images were recorded to 
provide individual structural details, enabling a more accurate 
mapping of electrical activity to specific brain regions (Michel 
and Brunet 2019). MRI scans were conducted using the Siemens 
MAGNETOM Prisma 3 T scanner (Siemens Healthineers AG) 
with a 32-channel head coil at the NeuroImaging Core Unit 
Munich (NICUM). The T1-weighted images were obtained 
through a magnetization-prepared rapid gradient-echo se-
quence. These images featured an isotropic voxel size of 0.8 mm3, 
encompassing 208 slices. The scanning parameters included a 
repetition time of 2500 ms, an echo time of 2.22 ms, a flip angle 
of 8°, and a field of view measuring 256 mm2.

2.3   |   EEG Recording and Preprocessing

Resting state EEG was recorded using 32 scalp electrodes 
(Electro-Cap International Inc., Eaton, OH, USA) following 
the International 10–20 system. The recording was conducted 
using the BrainAmp amplifier (Brain Products, Martinsried, 
Germany), at a sampling rate of 1000 Hz, with Cz used as the ref-
erence electrode. Electrode skin impedance was kept below 5 kΩ. 
In total, the recording of the resting state EEG lasted 10 min, 
with the first 5 min recorded during eyes closed (with eyes open-
ing for 3 s after 120 s to suppress excessive alpha power) and the 
last 5 min of eyes open. Participants were instructed to remain 
as calm and relaxed as possible throughout the recording.

The raw data were preprocessed using an automated in-
house preprocessing pipeline implemented in MATLAB 
(The Mathworks Inc.) using EEGLAB v2022.0 (Delorme and 
Makeig 2004) (https://​sccn.​ucsd.​edu/​eeglab/​). Each resting-state 

condition was preprocessed separately for each participant. All 
the data were initially re-referenced to the mastoid electrodes 
(A1 and A2) and resampled down to 256 Hz. A bandpass filter 
(1–70 Hz) and a notch filter were applied, and data were seg-
mented into 6-s epochs.

Each epoch was further preprocessed to remove linear trends, 
filtered on low and high-frequency bands. Channels were re-
jected based on extreme power spectrum values, kurtosis, 
and joint probability. Preprocessing included Independent 
Component Analysis (ICA), and detected artifact components 
were removed using the Multiple Artifact Rejection Algorithm 
(MARA) (Winkler et al. 2011). After ICA, the data removal and 
channel rejection are reapplied with minor modifications. The 
removed channels were interpolated at the final stage of prepro-
cessing (for details, see Supporting Information).

2.4   |   Source Localization of EEG Activity

Cortical source activations were estimated using Brainstorm 
software (version 15-Nov-2024), an open-source brain imag-
ing tool (Tadel et  al.2011); (http://​neuro​image.​usc.​edu/​brain​
storm​). For each subject, their respective anatomical data were 
imported, and a three-layer boundary element method (BEM) 
was applied to compute the lead field matrix. The head model 
was computed using the OpenMEEG BEM method, incorpo-
rating scalp, skull, and brain conductivities with adaptive inte-
gration. Source localization was performed using the Linearly 
Constrained Minimum Variance (LCMV) beamformer method, 
with the inverse solution computed for a Pseudoinverse of the 
Noise-normalized Average Inverse (PNAI) measure using free 
orientation and depth weighting. Source localized activity was 
extracted across three frontoinsular regions of interest: the 
right anterior insula (R-INS), the left anterior insula (L-INS), 
and the dACC, based on the masks from Goodkind et al. (2015) 
meta-analysis (for details of source-localized parameters see 
Supporting Information).

2.5   |   Parameterization of Power Spectrum Density

The power spectral density (PSD) was calculated using the 
Welch method, with 6-s windows and 50% overlap on MNE 
Python (v1.8.0) (Gramfort et al.  2014). PSD was calculated for 
all electrodes and for the three source-localized ROIs (R-INS, 
L-INS, dACC). To parameterize the PSD, the fooof Python tool-
box was used (https://​fooof​-​tools.​github.​io/​fooof/​​) (Donoghue 
et  al.  2020). The power spectra were parameterized across a 
frequency range of 3–40 Hz, and the final model parameters 
included a model with: peak_width_limits = [1, 10], maxi-
mum_n_peak = 8, min_peak_height = 0.1, peak_threshold = 2, 
and aperiodic_mode = “fixed”. The fooof model demonstrated 
good fitting performance across both groups and different 
extractions, as indicated by R2 values and error in parenthe-
ses: Scalp-level—HC (0.963 ± 0.057), SSD (0.967 ± 0.062); L-
INS—HC (0.957 ± 0.054), SSD (0.960 ± 0.056); R-INS—HC 
(0.958 ± 0.0544), SSD (0.959 ± 0.057); dACC—HC (0.959 ± 0.055), 
SSD (0.962 ± 0.056). All the subsequent analyses in the Result 
section refer to the aperiodic-adjusted power, center frequency, 
and bandwidth.
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The FOOOF algorithm decomposes the PSD into aperiodic 
and periodic components; it first fits the aperiodic background 
activity and subtracts it from the original spectrum to iso-
late residuals that may contain oscillatory peaks (Donoghue 
et  al.  2020). These peaks are then identified based on user-
defined thresholds (e.g., minimum peak height and standard 
deviation threshold) and modeled using Gaussian functions. 
The final model is constructed by summing the fitted aperi-
odic component with the  Gaussian functions representing 
the detected peaks, providing a full parameterization of the 
power spectrum. Due to the specific detection thresholds ap-
plied in this study and the relatively lower power of peaks out-
side the alpha and beta bands, reliable periodic peaks were 
less frequently detected in the theta and gamma ranges (see 
Figures S1 and S2).

At scalp level activity, periodic and aperiodic features were av-
eraged across all electrodes. Considering that the FOOOF algo-
rithm's peak detection can result in missing values (NAs) for the 
signal on which no peak is detected, we set an inclusion/exclu-
sion threshold: if at least 50% of electrodes in a given frequency 
band exhibited periodic activity, the activity was averaged across 
all active electrodes. Otherwise, the participants were labeled as 
missing. At source level, participants were similarly labeled as 
missing if no periodic activity was detected in a given region (R-
INS, L-INS, dACC). All statistical analyses were conducted only 
on available (non-missing) data.

2.6   |   Statistical Analyses

All the statistical analyses were performed in R, version 4.4.0 
(R Core Team 2024). Fisher's exact test was used to show dif-
ferences between categorical variables, while Welch's t-test 
was applied to continuous variables when no covariates were 
included. To investigate group differences in periodic and ape-
riodic activity on source and scalp levels, we performed Linear 
Mixed-Effects Models (LMM) using the lmer function in the 
lme4 package (Bates et al. 2015). The dependent variables were 
the periodic and aperiodic components, while the primary pre-
dictor was group status (HC vs. SSD). To account for potential 
interactions between condition (eyes closed vs. eyes open) and 
group status, we included condition as an interaction term 
(Zhang et al. 2021). Sex and age were included as covariates, and 
participant ID was modeled as a random intercept to account for 
inter-individual variability.

Separate models were run for the scalp-level activity averaged 
across all electrodes and three ROI source localized activities 
(R-INS, L-INS, dACC), for three periodic parameters (power, 
bandwidth, center frequency), five frequency bands (theta: 
4–8 Hz, alpha: 8–12 Hz, beta: 12–30 Hz, low-gamma/gamma1: 
30–40 Hz), as well as two aperiodic components (exponent and 
offset). For the scalp level, for each extraction modality (scalp-
level and source-level), p values were adjusted for multiple com-
parisons using the Benjamini–Hochberg procedure for all the 
models run (Benjamini and Hochberg  1995). The corrected p 
values are further referred to as q values.

Linear regressions are used to examine the relationships be-
tween altered EEG components for each condition (eyes closed 

and eyes open) with cognitive and symptomatic measures while 
controlling for age, sex, and CPZeq.

3   |   Results

3.1   |   Cohort Characteristics

The sample considered for this study consisted of 97 individu-
als with SSD (28.9% female, mean age = 38.2 ± 11.8, PANSS total 
score = 56.6 ± 16.7, illness duration (months) = 130.45 ± 123.51, 
chlorpromazine equivalents = 329.10 ± 273.33 mg, 16.5% 
benzodiazepine users) and 152 HC (55.9% female, mean 
age = 34.79 ± 12.69). The two most prevalent diagnoses in the 
SSD group were schizophrenia (53.8%) and schizoaffective 
disorder (27.9%). 38.54% of our SSD sample was in remission 
according to modified Andreasen criteria without the time cri-
terion (Andreasen et al. 2005). Table 1 provides more details on 
the clinical and demographic characteristics of the cohorts.

3.2   |   Periodic and Aperiodic Effects on Scalp Level 
Activity

To explore whether periodic and aperiodic activity differed be-
tween HC and SSD, we applied linear mixed models. At scalp 
level, for power as a component of periodic activity, we observed 
an increase in theta power (b = 0.108 log (μV2), 95% CI [0.029, 
0.187]; p < 0.008, q = 0.027) in the SSD group compared to HC. 
Conversely, SSD individuals showed pronounced reductions in 
the alpha center frequency peak (b = −0.435 Hz, 95% CI [−0.642, 
−0.229]; p < 0.001, q < 0.001) (see Figure 1 and Table 2). In terms 
of aperiodic activity, the SSD group demonstrated increased ex-
ponent (b = 0.168 a.u., 95% CI [0.056, 0.281]; p = 0.004, q = 0.017) 
and offset (b = 0.272 log (μV2/Hz), 95% CI [0.126, 0.418]; p < 0.001, 
q = 0.002) relative to HC (see Figure 2 and Table 2).

Regarding covariates, we found increased theta power 
(b = 0.075 log (μV2), 95% CI [0.036, 0.114]; p < 0.001, q < 0.001), 
as well as a higher exponent (b = 0.06 a.u., 95% CI [0.013, 0.106]; 
p = 0.012, q = 0.028), and offset (b = 0.147 log (μV2/Hz), 95% CI 
[0.101, 0.193]; p < 0.001, q < 0.001) in the eyes closed condition 
compared to eyes open. Advancing age was associated with 
higher theta power (b = 0.004 log (μV2), 95% CI [0.001, 0.007]; 
p = 0.006, q = 0.020), and decreased alpha center frequency peak 
(b = −0.01 Hz, 95% CI [−0.017, −0.002]; p = 0.010, q = 0.027). No 
interactions were found between group and condition for any of 
the periodic or aperiodic measures (all q > 0.05).

3.3   |   Periodic and Aperiodic Effects on Source 
Localized Activity

Significant differences in periodic activity were present across 
all regions of interest. The SSD group had higher theta power 
in the L-INS (b = 0.103 log (μV2), 95% CI [0.047–0.16]; p < 0.001, 
q = 0.008), R-INS (b = 0.101 log (μV2), 95% CI [0.035 to 0.168]; 
p = 0.003, q = 0.039), and dACC (b = 0.114 log (μV2), 95% CI 
[0.061–0.168]; p < 0.001, q < 0.001) compared to HC. In addition 
to theta power, the SSD group showed a slower alpha center fre-
quency only in L-INS (b = −0.43 Hz, 95% CI [−0.719 to −0.141]; 
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p = 0.004, q = 0.039) (see Figure  1 and Table  2). No group dif-
ferences were observed for either aperiodic exponent or offset 
in these regions (all q > 0.05). Among covariates, advancing age 
was associated with a lower alpha center frequency in L-INS 
(b = −0.013 Hz, 95% CI [−0.023 to −0.004]; p = 0.008, q = 0.030). 
Similarly to scalp level, no interactions were found between 
group and condition for any of the periodic or aperiodic mea-
sures at source (all q > 0.05).

3.4   |   Medication Effects on Periodic and Aperiodic 
Activity

To examine whether medications affect the altered EEG com-
ponents in SSD, we utilized two different Linear Mixed Models 
using different predictors: (i) chlorpromazine equivalent 

(CPZeq; continuous) and (ii) benzodiazepine use (categorical: 
yes/no). Higher CPZeq dosage is associated with a higher ex-
ponent (b = 0.128 a.u., 95% CI [0.041–0.216]; p = 0.005, q = 0.019) 
and a higher offset (b = 0.172 log (μV2/Hz), 95% CI [0.047–0.297]; 
p = 0.007, q = 0.019). No significant differences were found be-
tween benzodiazepine users and non-users at scalp level and 
source localized activity (all q > 0.05).

3.5   |   Follow-Up Analysis: Associations of Altered 
EEG Features and Cognitive or Clinical Symptoms 
in SSD

After identifying the main altered periodic and aperiodic com-
ponents in SSD, we further examined whether these compo-
nents predict cognition and symptom severity in this group 

TABLE 1    |    Sample characteristics.

SSD HC

Mean ± SD or n (%) n Mean ± SD or n (%) n p

Demographic characteristics

Age, years 38.2 ± 11.8 97 34.8 ± 12.7 152 0.004b

Sex, female:male (% female) 26:68 (28.9%) 97 85:67 (55.9%) 152 < 0.001a

BMI 27.8 ± 5.44 95 23.4 ± 3.6 147 < 0.001b

Disease characteristics

Disease duration, months 130.45 ± 123.51 93

Antipsychotic treatment duration, months 105.20 ± 116.18 89

Benzodiazepine use, yes:no (% yes) 16:81 (16.5%) 97

CPZeq, mg 329.10 ± 273.33 94

Remission Andreasen, yes:no (% yes) 37:59 (38.54%) 97

PANSS Positive symptoms 13.0 ± 5.09 96 7.30 ± 0.76 152 < 0.001b

PANSS Negative symptoms 13.8 ± 5.64 96 7.39 ± 0.88 152 < 0.001b

PANSS General symptoms 29.80 ± 8.78 96 16.9 ± 1.43 152 < 0.001b

PANSS Total score 56.60 ± 16.70 96 31.59 ± 2.43 152 < 0.001b

GAF 53.12 ± 12.83 97 89.88 ± 6.14 152 < 0.001b

BACS Composite z score −1.90 ± 1.42 91 0 ± 1 148 < 0.001b

Diagnosis

Schizophrenia 56 (57.73%)

Schizoaffective disorder 29 (29.9%)

Brief Psychotic disorder 7 (7.22%)

Unspecified schizophrenia
Spectrum disorder

3 (3.09%)

Delusional disorder 2 (2.06%)

Abbreviations: BACS = Brief Assessment of Cognition in Schizophrenia; BMI = body mass index; CPZeq = chlorpromazine equivalent dose; GAF = Global Assessment 
of Functioning; HC = healthy control participant; n = number of participants; p = p-value for the respective test; PANSS = Positive and Negative Syndrome Scale; SD = 
standard deviation; SSD = schizophrenia spectrum disorder.
aFisher's exact test.
bWelch's t test.
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using multiple linear regressions. This relationship was inves-
tigated separately for the eyes closed and eyes open conditions. 
Given that increased CPZeq was associated with increased ape-
riodic exponent and offset, we included CPZeq as an additional 
covariate alongside age and sex.

Across both conditions, only two associations survived false dis-
covery rate (FDR) correction. Specifically, increased theta power 
in the dACC during the eyes-open condition was negatively as-
sociated with two cognitive outcomes: BACS composite score 
(b = −0.401, 95% CI [−0.642, −0.160], p = 0.002, q = 0.035) and 
digit sequencing (b = −0.429, 95% CI [−0.680, −0.178], p = 0.001, 
q = 0.035, N = 58). These findings suggest that enhanced frontal 
theta activity during wakeful rest may reflect impairments in 

cognitive control or working memory among SSD patients (see 
Figure 3).

In addition, we observed several uncorrected but potentially 
meaningful associations (p < 0.05, q > 0.05) between EEG 
features and cognitive or clinical variables. During the eyes-
closed condition, a higher aperiodic exponent at the scalp 
level was negatively associated with PANSS positive symp-
toms (b = −2.474, 95% CI [−4.47, −0.477], p = 0.016, q = 0.536, 
N = 93), as was aperiodic offset (b = −1.635, 95% CI [−3.107, 
−0.164], p = 0.030, q = 0.536, N = 93). These findings may in-
dicate that stronger aperiodic activity, reflecting greater in-
hibitory tone or reduced E/I ratio, is linked to a less severe 
expression of positive symptoms.

FIGURE 1    |    Differences in periodic activity at scalp-level and source-localized regions. For (A) scalp-level, (B) left anterior insula, (C) right ante-
rior insula, and (D) dorsal anterior cingulate cortex: The first column visually illustrates the origin of the extracted activity and shows the periodic 
power spectral density (PSD) for each group; the second column shows power comparisons between HC and SSD across frequency bands; and the 
third column shows alpha center frequency comparisons between HC and SSD. HC = healthy controls. SSD = schizophrenia spectrum disorder. 
Scalp-level: averaged activity across electrodes. L-INS: left anterior insula. R-INS: right anterior insula. dACC: dorsal anterior cingulate cortex. ↓↑: 
show an increase or decrease in SSD compared to HC. Significance level after FDR correction: *< .05, **< .01, ***< .001.
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In terms of cognition, alpha center frequency at the scalp 
during eyes closed was positively associated with token motor 
performance (b = 0.238, 95% CI [0.024, 0.452], p = 0.030, 
q = 0.249, N = 88) and verbal fluency (b = 0.253, 95% CI [0.039, 
0.467], p = 0.021, q = 0.249, N = 88). During the eyes-open con-
dition, alpha CF remained positively associated with compos-
ite score (b = 0.228, 95% CI [0.01, 0.446], p = 0.040, q = 0.200, 
N = 82), verbal fluency (b = 0.233, 95% CI [0.012, 0.454], 
p = 0.039, q = 0.200, N = 82), and Tower of London (b = 0.277, 
95% CI [0.065, 0.488], p = 0.011, q = 0.099, N = 80), suggest-
ing that faster alpha oscillations may support better cognitive 
functioning in SSD. Additional uncorrected relationships in-
volving source-level theta power and other cognitive measures 
are visualized in Figure 3 and may warrant further investiga-
tion in future studies.

4   |   Discussion

This study reveals significant alterations in both periodic and 
aperiodic EEG activity in individuals with SSD. At scalp level, 
the SSD group showed a pronounced increase in theta power, 
alongside a reduction in alpha center frequency. Additionally, 
averaged scalp-level activity showed elevated aperiodic expo-
nent and offset in SSD compared to HC. Furthermore, fronto-
insular regions showed a consistent increase of theta power in 
SSD, as well as decreased alpha center frequency at L-INS, with 
no differences in aperiodic activity. In terms of the relationship 
between altered periodic and aperiodic activity across scalp and 
frontoinsular regions with cognitive and symptomatic mea-
surements, we only found a significant relationship between 
the periodic power at dACC during the eyes-open condition 

FIGURE 2    |    Global scalp-level differences on aperiodic component. (A) Aperiodic components of the power spectrum (bold) averaged across 
individuals within each diagnostic group. (B) Comparison between HC and SSD for aperiodic exponent and offset shows that these two groups are 
significantly increased in the SSD group after controlling for age and sex (q > 0.05). HC = healthy controls. SSD = schizophrenia spectrum disorder. 
Scalp-level: averaged activity across electrodes. ↓↑: show an increase or decrease in the SSD group. Significance level after FDR correction: *< .05, 
**< .01, ***< .001.

FIGURE 3    |    Heatmap of standardized regression estimates depicting the associations between altered EEG components in SSD (predictors) and 
cognitive performance (BACS) and symptom severity (PANSS) outcomes under eyes-closed and eyes-open conditions. All predictor and outcome 
variables were z-scored for visualization purposes (refer to the main text for unstandardized estimates). Bolded values indicate results that survived 
FDR correction. SSD = Schizophrenia Spectrum Disorder; PW = Power; CF = Center Frequency; AP = Aperiodic. Significance level of the uncorrect-
ed p: * < .05, ** < .01, *** < .001.
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with composite cognition in general and working memory in 
particular.

The pronounced increase in theta power in SSD found in this 
study aligns with the substantial body of research reporting ele-
vated low-frequency oscillations in this population (Hirano and 
Uhlhaas 2021; Newson and Thiagarajan 2018). Beyond global in-
creases, disturbances of theta power and theta-band connectiv-
ity are particularly reported over frontal regions in SSD (Boutros 
et al. 2008; Kim et al. 2020; Shreekantiah Umesh et al. 2016). 
Consistent with these findings, we found elevated theta power 
to be extended in three frontoinsular regions (dACC, R-INS, 
and L-INS), with the most robust association observed between 
increased theta power in the dACC and worse working mem-
ory, as measured by the digit sequencing task, across both eyes-
closed and eyes-open conditions, though only the latter survived 
correction for multiple comparisons. Moreover, elevated dACC 
theta power was also linked to global cognitive impairment, 
marked by a lower BACS composite score. Theta power, spe-
cifically within the ACC, is considered a key mechanism sup-
porting cognitive control and efficient neural communication 
of relevant information, which is essential for both working 
memory and global cognition (Lett et  al.  2014; McLoughlin 
et al. 2022). Our findings suggest an abnormal increase in dACC 
theta power during resting-state EEG may serve as a potential 
cognitive marker, particularly when spectral power is separated 
from underlying aperiodic activity.

In addition to theta power alterations, we did not observe any 
other differences in periodic power across other frequency bands 
(alpha, beta, or low-gamma power). Unlike theta power, which 
frequently shows elevations in SSD, findings regarding gamma 
activity are more heterogeneous. Some studies suggest that 
gamma amplitude measured at resting state decreases as the 
disorder progresses to chronic stages, proposing it as a potential 
marker of disease progression (Grent-'t-Jong et al. 2018), while 
others report increased gamma power (Baradits et al. 2019), or 
no significant differences at all (Hirano et al. 2015). Disturbances 
in the gamma frequency band are largely attributed to the 
E/I mechanism, specifically due to disruptions in GABAergic 
activity. GABAergic interneurons are critical for generating 
and synchronizing gamma oscillations, as they provide inhib-
itory control over pyramidal neurons and regulate the timing 
and synchronization needed for gamma activity (Buzsáki and 
Wang 2012; Shin et al. 2011). Dysfunction in GABAergic path-
ways can disrupt this balance, leading to disorganized and dys-
regulated gamma oscillations, potentially indicating changes in 
the E/I balance (Ahmad et al. 2022).

In contrast to all previous studies which did not consider the 
removal of aperiodic signal from the spectral power, this study 
was specifically focused on aperiodic-adjusted low-gamma 
power. However, across all frequency bands, gamma power 
estimates were less reliable, where less than half of the partic-
ipants showed activity in this range. This is attributed to the 
small peaks outside the alpha and beta frequency bands that do 
not pass the algorithm threshold for being detected as true os-
cillatory activity (Donoghue et al. 2020). Taken together, these 
findings suggest that while gamma abnormalities may reflect 
underlying disruptions in E/I balance, their inconsistent ex-
pression (especially after adjusting for aperiodic components) 

highlights the need for more refined methodological approaches 
and caution when interpreting gamma power as a robust bio-
marker in SSD.

Another marker often reported in the SSD population, also rep-
licated by our findings, is the decrease of alpha peak frequency 
(Murphy and Öngür  2019; Ramsay et  al.  2021; Yeum and 
Kang 2018). This marker is closely related to global cognition, 
with disturbances in visual processing being a major contrib-
utor (Ramsay et al. 2021). In our SSD sample, we observed un-
corrected significant associations between slower alpha center 
frequency and impaired performance in motor tasks, executive 
functioning, verbal fluency, and overall cognitive performance 
as captured by global scalp activity. While these findings did not 
survive correction for multiple comparisons and should be inter-
preted with caution, they align with previous literature suggest-
ing that alpha slowing might reflect cognitive dysfunction across 
diagnostic categories. Alpha center frequency is known to be 
flexible and responsive to stimulation or cognitive load, yet also 
demonstrates strong test–retest reliability and trait-like stabil-
ity at rest (Ahn et al. 2019; Grandy et al. 2013; Smit et al. 2006). 
Rather than being a disorder-specific marker, slowing of alpha 
center frequency is considered to be a transdiagnostic indica-
tor of cognitive impairment, as it is also observed in cognition-
affected conditions such as dementia, Alzheimer's disease, 
autism spectrum disorder, and ADHD (Dickinson et  al.  2017; 
Puttaert et  al.  2021; Vollebregt et  al.  2015). Additionally, age 
is another independent factor influencing shifts in the alpha 
center frequency, which, as also shown in this study, decreases 
with advancing age irrespective of the diagnostic group (Park 
et al. 2024; Scally et al. 2018).

Evidence regarding aperiodic EEG features in schizophrenia re-
mains scarce and inconsistent, in both findings and employed 
methodology. Among studies conducted in people with SSDs, 
five studies have reported no difference (Boudewyn et al. 2025; 
Earl et  al.  2024; Jacob et  al.  2023; Racz, Farkas, Stylianou, 
et  al.  2021; Racz, Farkas, Becske, et  al.  2025), one reported a 
decrease (Spencer et al. 2023), and two reported an increase in 
aperiodic exponent in people with SSDs compared to HC sam-
ples (Molina et al. 2020; Peterson et al. 2023). Alterations in ape-
riodic activity, especially in the aperiodic exponent, are thought 
to reflect the E/I dynamics of the brain, as demonstrated in both 
in vivo and in silico studies, where a steeper exponent indicates 
greater inhibition, while a flatter exponent suggests increased 
overall excitation (Gao et al. 2017; Wiest et al. 2023). Supporting 
this, inhibitory agents like propofol steepen the exponent, 
whereas ketamine's excitatory net effects flatten it (Waschke 
et al. 2021).

Following these studies, the increase in aperiodic exponent ob-
served in our SSD cohort may reflect an overall shift toward in-
hibitory activity. Moreover, this effect appeared to be modulated 
by medication dosage, as higher CPZeq levels were associated 
with steeper exponents. Within the SSD group, we observed 
uncorrected negative associations (p < 0.05, but not surviv-
ing FDR correction) of both exponent and offset with positive 
symptoms. The same uncorrected association remained even 
when controlling for medication dosage, suggesting that med-
ication may influence but does not fully explain the observed 
patterns. This may indicate that a steeper exponent reflects a 
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compensatory mechanism in SSD, possibly influenced by, but 
not solely dependent on, medication effects. Increasing inhibi-
tory activity in major depression patients via electroconvulsive 
therapy led to a steeper aperiodic exponent and reduced symp-
tom severity (Smith et al. 2023), suggesting that changes in in-
hibitory tone may track symptom severity in disorders marked 
by E/I imbalances. Nonetheless, given the lack of significance 
after multiple comparison correction, these findings should be 
regarded as preliminary. Further research with larger samples 
and longitudinal designs is needed to determine whether aperi-
odic EEG features serve as reliable markers of excitation/inhibi-
tion balance and clinical symptoms in SSD, and whether these 
relationships are specific to certain diagnostic subgroups within 
the broader SSD spectrum.

4.1   |   Limitations

Although the signal-to-noise ratio of our EEG data was satisfac-
tory, we further tried to enhance our source localization accu-
racy by providing individual anatomical head models, which are 
known to improve spatial precision (Michel and Brunet 2019), 
and by utilizing a beamforming approach, which enables 
more accurate source estimation for deeper regions (Backus 
et al. 2016; Quraan et al. 2011; Westner et al. 2022). However, the 
use of a 32-channel EEG system may still limit the spatial pre-
cision of source-localized activity, particularly in deeper regions 
such as the anterior insula (Asadzadeh et al. 2020). Therefore, 
our source-level results should be interpreted with caution. We 
encourage future studies to use high-density M/EEG to more 
accurately investigate frontoinsular activity in SSD and to test 
whether similar source-level profiles, as well as relationships 
with cognitive and clinical data, can be replicated.

At the scalp level, we averaged EEG features across all elec-
trodes (if more than 50% of electrodes showed detectable activ-
ity for a given participant) to derive global indices of periodic 
and aperiodic activity. While this approach provides a summary 
measure, it inherently limits spatial resolution and prevents 
region-specific interpretations. Although the aperiodic activ-
ity was relatively uniformly distributed across the scalp (see 
Figure S3), electrode-wise variability may still carry topograph-
ical relevance that is obscured by averaging.

Another limitation to be considered is that although our sample 
size was relatively large, our SSD group represents only a pool 
of the disease's phenotypic spectrum, reflecting shared mech-
anisms across psychotic disorders rather than SSD-specific 
disease dynamics. Furthermore, while we interpreted some of 
our results in the framework of E/I imbalances, we acknowl-
edge that the absence of direct neurobiological measures, such 
as neurotransmitter concentrations or other neurochemical 
indices, limits the strength of these conclusions. In addition to 
that, the characterization of frontoinsular regions in this study 
followed a hypothesis-driven approach; however, future stud-
ies with higher spatial resolution and statistical power should 
incorporate control anatomical regions in order to capture the 
complexity of functional alterations in SSD. Future large-scale 
multimodal studies integrating M/EEG with other neuroimag-
ing approaches will be crucial to further our understanding of 
these results and refine their clinical implications.

5   |   Conclusion

In summary, the present study provides evidence for widespread 
alterations in both periodic and aperiodic resting-state EEG activ-
ity in individuals with SSD. These alterations are characterized 
by distinct regional and spectral patterns and show differential 
associations with cognitive impairment and symptom severity. 
Periodic activity, particularly theta power, was significantly ele-
vated in SSD compared to HC both globally and across the three 
frontoinsular regions. Notably, only increased theta power in the 
dACC was significantly associated with worse overall cognition 
and lower working memory. In contrast, alpha center frequency 
was reduced in SSD at global and L-INS levels, but did not show a 
significant relationship with cognitive or symptomatic measures. 
For the aperiodic component, both exponent and offset were higher 
in SSD at the global level, and their increase was associated with 
higher CPZeq levels. However, no relationships with cognition or 
symptom severity survived correction for multiple comparisons. 
These findings underscore the value of separating periodic and 
aperiodic components in EEG analyses to better understand the 
neurophysiological mechanisms underlying SSD. While prelimi-
nary, the aperiodic exponent may represent a promising marker of 
altered excitation–inhibition dynamics, potentially modulated by 
antipsychotic medication, and should be explored further in larger, 
longitudinal studies.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Topographic distribu-
tion of periodic activity percentage across theta, alpha, beta, and low-
gamma bands, grouped by resting-state condition (eyes open vs. eyes 
closed) and diagnostic status (healthy controls vs. schizophrenia spec-
trum disorders). Black dots show the position of the electrodes. Notably, 
periodic activity is most pronounced in the alpha and beta bands across 
both conditions and groups. Figure S2: Barplot showing distribution 
of periodic EEG activity across three source-localized regions (L-INS, 
R-INS, dACC) across theta, alpha, beta, and low-gamma frequency 
bands, grouped by resting-state condition (eyes open vs. eyes closed) 
and diagnostic status (healthy controls vs. schizophrenia spectrum dis-
orders). L-INS: left anterior insula. R-INS: right anterior insula. dACC: 
dorsal anterior cingulate cortex. Figure S3: Topographic distribution 
of the aperiodic activity (exponent and offset parameters) shown across 
electrodes for each condition (eyes open vs. eyes closed) and diagnostic 
group (Healthy Controls vs. Schizophrenia Spectrum Disorder) Black 
dots show the electrode-placement. 
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