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Abstract

Resting state electroencephalographic (EEG) activity in schizophrenia (SZ) is frequently characterized by increased power at
slow frequencies, and/or a reduction of peak alpha frequency. Here we investigated the nature of these effects. As most studies
to date have been limited by reliance on a priori frequency bands which impose an assumed structure on the data, we performed
a data-driven analysis of resting EEG recorded in SZ patients and healthy controls (HC). The sample consisted of 39 chronic
SZ and 36 matched HC. The EEG was recorded with a dense electrode array. Power spectral densities were decomposed via
Varimax-rotated principal component analysis (PCA) over all participants and for each group separately. Spectral PCA was
repeated at the cortical level on cortical current source density computed from standardized low resolution brain electromagnetic
tomography. There was a trend for power in the theta/alpha range to be increased in SZ compared to HC, and peak alpha
frequency was significantly reduced in SZ. PCA revealed that this frequency shift was due to the presence of a spectral component
in the theta/alpha range (6-9 Hz) that was unique to SZ. The source distribution of this component involved mainly prefrontal
and parahippocampal areas. Abnormal low frequency resting EEG activity in SZ was accounted for by a unique theta/alpha
oscillation. Other reports have described a similar phenomenon suggesting that the neural circuits oscillating in this range are
relevant to SZ pathophysiology.
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Abstract

Resting state electroencephalographic (EEG) activity in schizophrenia (SZ) is frequently characterized by
increased power at slow frequencies, and/or a reduction of peak alpha frequency. Here we investigated the
nature of these effects. As most studies to date have been limited by reliance on a priori frequency bands
which impose an assumed structure on the data, we performed a data-driven analysis of resting EEG recorded
in SZ patients and healthy controls (HC). The sample consisted of 39 chronic SZ and 36 matched HC. The
EEG was recorded with a dense electrode array. Power spectral densities were decomposed via Varimax-
rotated principal component analysis (PCA) over all participants and for each group separately. Spectral
PCA was repeated at the cortical level on cortical current source density computed from standardized low
resolution brain electromagnetic tomography. There was a trend for power in the theta/alpha range to be
increased in SZ compared to HC, and peak alpha frequency was significantly reduced in SZ. PCA revealed
that this frequency shift was due to the presence of a spectral component in the theta/alpha range (6-
9 Hz) that was unique to SZ. The source distribution of this component involved mainly prefrontal and
parahippocampal areas. Abnormal low frequency resting EEG activity in SZ was accounted for by a unique
theta/alpha oscillation. Other reports have described a similar phenomenon suggesting that the neural
circuits oscillating in this range are relevant to SZ pathophysiology.

Keywords: schizophrenia, resting state, electroencephalography, EEG, theta, alpha

Introduction

While stimulus- and task-evoked brain responses in individuals with schizophrenia (SZ) are frequently found
to be reduced compared to healthy control participants (HC) (1), spontaneous brain activity, particularly
measured with the electroencephalogram (EEG), is commonly found to be increased in SZ during the resting
state. Increases in delta (~1-4 Hz) and/or theta (~5-8 Hz) power in SZ have been reported or are apparent in
a number of studies (2-18; in ultra-high risk individuals, 19; in first-episode psychosis, 20) with observations
going back many decades (21). Furthermore, a reduction in peak alpha frequency has also been reported,
often in conjunction with increased theta/alpha power (10, 14, 22-25; in high vs. low schizotypy, 26). In
contrast, changes in classical alpha band (8-13 Hz) power are inconsistent (2). The nature of paradoxically
increased low frequency power in SZ is unclear and has received little investigation.

A limitation of most studies of resting state EEG in schizophrenia is that they rely on a priori -defined
canonical frequency bands and thus impose an assumed structure on the data that might not accurately reflect
the true spectral structure of effects. Data-driven approaches such as principal components analysis (PCA)
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and independent component analysis (ICA) have the potential to overcome this problem by decomposing the
EEG spectrum into characteristic spectral patterns in the data (11, 16-18), dissociating overlapping patterns
of activity and revealing the true nature of effects.

Here we applied PCA in the spectral domain to investigate the nature of increased resting spectral power in
schizophrenia. In particular, we were interested in determining whether decomposition of the power spectra
would provide insights into the nature of increased low-frequency power and reduced peak alpha frequency in
SZ. We hypothesized that increased power in the theta/alpha range in SZ could be due either to a reduction
in the frequency of the same alpha generator in SZ as HC, or to the overlap of a distinct theta/alpha generator
in SZ. To answer this question, we applied PCA with Varimax rotation to the power spectra of matched
groups of SZ and HC in sensor space. We also applied Varimax-rotated PCA to the source-level spectra to
determine the anatomical generators of theta/alpha activity in SZ.

Materials and Methods

Participants

The institutional review boards of the Veterans Affairs Boston Healthcare System and Harvard Medical
School approved this study. SZ were recruited from the VA Boston Healthcare System Schizophrenia Center
and HC were recruited from the Boston metropolitan area. All participants were right-handed. SZ were
diagnosed with schizophrenia or schizoaffective disorder based on DSM-IV criteria following a standardized
clinical interview. HC were excluded if they met SCID-Non-Patient edition criteria for an Axis-I disorder,
or if they reported a first-degree relative with an Axis-I disorder. Exclusion criteria for all participants were:
1) past treatment with electroconvulsive therapy, 2) past major head trauma or a history neurological illness
including epilepsy, 3) lifelong substance dependence or a history of substance abuse during the past 5 years,
4) estimated premorbid IQ (information subscale of the Wechsler Adult Intelligence Scale-IV [WAIS-IV];
27) below 75. HC were matched to SZ at the group level on age, parental socioeconomic status (PSES;
28), gender proportion, and premorbid IQ. We assessed positive and negative symptoms using the Scale for
the Assessment of Positive Symptoms (SAPS; 29) and the Scale for the Assessment of Negative Symptoms
(SANS; 30). Chlropromazine equivalent dosages were calculated using the methods of Stoll (31) and Woods
(32).

We recorded EEG from 42 HC and 43 SZ. The data from 6 HC and 4 SZ were excluded to achieve age
matching between groups. The final sample consisted of 36 HC and 39 SZ. See Table 1 for demographic and
clinical data and group comparisons.

Prior to entering the study, participants were informed of the purpose of the experiment and the proce-
dures employed. All participants provided written informed consent prior to enrollment. Participants were
reimbursed for their participation in the study.

Procedures

Participants were seated comfortably in a quiet dim room. Resting-state EEG was recorded for 3 minutes
during which participants were instructed to close their eyes and relax. The first 30 s of recording were
discarded to ensure that the data reflected the participants being fully at rest.

EEG Recording and Processing

We recorded the EEG using an ActiveTwo system (Biosemi B.V.) with 71 sensors total, 68 channels to
record brain signals and 3 for detecting eye movement. Signals were referenced to the systems’ internal
loop (CMS/DRL), sampled at 512 Hz, and bandpass filtered from 0.01 Hz to 103 Hz. DC offsets were kept
below 25 mV during recordings. Bipolar vertical electro-oculograms were constructed from electrode Fp1
and an electrode below the left eye. The horizontal electro-oculogram was derived from sensors on the left
and right outer canthi. Continuous EEG was epoched and filtered using BrainVision Analyzer 2.0.1 (Brain
Products GmbH). Skin potentials and other slow artifacts were attenuated using a 0.1 Hz high-pass filter.
Non-overlapping 1000 ms epochs were extracted for analysis. Power line noise at 60 Hz was reduced using
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an in-house implementation of a spectral interpolation method (33) with the interpolation averaging range
set to +/- 2 Hz.

Further processing was performed in MATLAB (Mathworks, Inc) and IDL (L3Harris Geospatial Solutions,
Inc.) using a combination of open-source third party software and in-house code. ICA, implemented using
the EEGLAB (34) runica.m script, was used to remove ocular, cardiac, and muscle artifacts (35). ICs
representing artifacts were visually identified based on topography, time series, and spectral signatures.
Addition rejection criteria for a given epoch were: 1) > +/- 90 μV at a single time point and 2) total
amplitude range exceeding |200| μV. We retained data sets for which at least 75% of trials were free of range
and eye movement artifacts following ICA. The average number of trials retained for HC was 134 and 137
for SZ. The number of retained trials did not differ between groups (t 73 = 0.90, p = 0.37).

Spectral Analysis

Data were band-pass filtered from 0.1 to 100 Hz using a standard linear least squares algorithm, eegfilt from
the EEGLAB toolbox. Sensor power spectral densities were computed using the Fast Fourier Transform with
a Hann window. For each participant we pre-multiplied single-trial EEG from all channels by a periodic
Hann window and then converted the data to frequency space via the Fast Fourier Transform. Tapered
single-trial spectra were converted to power spectra by averaging twice the squared modulus of the Fourier
coefficients across trials for all frequencies from 1 to 100 Hz. To obtain power spectral densities with physical
units of μV2/Hz we divided each value by the sampling rate multiplied by the sum of squares of the taper.

PCA

To decompose the power spectra into their characteristic spectral patterns, we applied PCA to the data set,
followed by Varimax rotation. The number of PCs retained for rotation was determined by inspection of the
scree plot, retaining PCs up to and including the inflection in the plot, and equaled 5 for all PCAs reported
here. These 5-PC solutions accounted for approximately 95% of total variance. Power spectral densities
across both groups were concatenated into a single 5100 (75 participants X 68 sensors) by 100 (frequencies)
data matrix (D ). The Varimax solution was computed using code from the PCA Toolbox (36).

The first step was to obtain the 100 by 100 covariance matrix (C ) among all frequencies along with its
eigendecomposition. Let k be the number of factors. We then define the 100 by k loading matrix as
A = Σ−1VP. Σ contains the data standard deviation on the diagonals and is zero elsewhere and the rows
of V are the first k eigenvectors of C . P is a diagonal matrix where each non-zero entry is the standard
deviation of one of the rows of the score matrix DV . Principal component decomposition of source data
(see below) proceeded as above except in this case Dhad 467925 (75 participants * 6239 voxels) rows. The
vectors in the score and loading matrices were then recursively rotated seeking a solution as close as possible
to the Varimax criterion of maximum variance among the squared loadings.

This approach maximally separates the factors while maintaining orthogonality. Maximal separation facil-
itates interpretation of the PCs, each corresponding to an observed variable or collection thereof; that is,
each factor strongly correlates with variables it explains and weakly correlates with others. Orthogonality
simplifies interpretation by eliminating possible correlations among factors but may be inappropriate if the
factors are in fact strongly correlated. To account for this possibility, we repeated the analysis using Promax
rotation, which allows for non-orthogonal results, and found that none of the components were significantly
correlated when we relaxed the orthogonality restriction. Therefore, there was no benefit to utilizing the
Promax solution.

Source Analysis

We performed source analysis to elucidate the distribution of brain-level generators giving rise to the effects
observed in sensor space. Since it is not possible to localize PC scores directly, as these are not voltages, we
localized the EEG data to source space and then performed a separate PCA on the source-level standardized
current density estimation.

4



P
os

te
d

on
20

M
ay

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

45
51

08
.8

34
08

55
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

We consider the low-resolution brain electromagnetic tomography (LORETA) family of imaging solutions
(37), which correct for spatial bias arising from the fact that EEG leadfields, as harmonic functions, which
necessarily obtain their extreme values at the boundary points of their domain (38). Two variants of this
method, standardized (sLORETA; 39) and exact (eLORETA; 40), can be shown to have zero localization
error under the assumption that measurement and biological noise are independent. sLORETA, as the name
implies, is a standardized estimator of source activity whereas eLORETA is a direct map from sensor space
to brain-level current densities (i.e., a true inverse solution as opposed to a linear imaging technique). A
drawback to eLORETA is that its zero bias condition only obtains under an assumption of structured noise
that does not necessarily correspond to physical reality (40). Since sLORETA requires fewer constraints on
the structure of measurement and biological noise in order to obtain spatially unbiased solutions, we chose
it over the eLORETA modality.

Source analysis with the sLORETA procedure was carried out in the LORETA-KEY software system
(v20201109). We computed the complex cross-spectral density matrices using built-in functions in LORETA-
KEY. Data were tapered with a Hanning window and, for each participant, the spectral matrix for frequency
ω is given byS (ω)=E [X (ω)X (ω)*], where X is the Fourier transform of the signal in a column vector, E
[x] is the expected value of the enclosed variable, and “*” denotes complex conjugation and transposition.
For each participant we used the multi-trial average ofX (ω)X (ω)* as the sample estimator ofS (ω). The
standardized source image for frequency ω at thej th voxel is given byT (j )S (ω)T (j )T, where T (j ) is
the (row) vector-valued imaging kernel.

The forward model was constructed in LORETA-KEY by registering standard electrode locations the MNI
152 structural magnetic resonance imaging (MRI) model with the leadfields restricted to cortical gray matter.
To increase the stability of the solution, we applied adaptive Tikhonov regularization by setting the regu-
larization parameter equal to 10% of the maximum eigenvalue of the leadfield Gram matrix; this approach
ensures a degree of smoothing that increases the further the matrix deviates from an invertible matrix.

Statistics

For comparisons of power spectral densities as well as PC topographies and source distributions, we applied
pair-wise independent samplest -tests using statistical non-parametric mapping (SnPM) with clustering
correction for multiple comparisons (41). Power spectra and topographies were compared using in-house
code. For source distributions we performed t -tests with SnPM maximum statistic controls for multiple
comparisons as implemented in LORETA-KEY. For all in-house code, we validated our implementation
by applying the code to random noise with the same structure as the experimental data 5000 times and
confirming that the false positive rate was equal to the desired significance threshold, plus or minus a small
amount of noise. All null distributions were based on 10,000 permutations of the empirical data.

At the sensor level we performed two-tailed t -tests while controlling for the number of sensors and number
of PCs in tandem. Since the only significant difference we found was increased theta/alpha power in SZ (see
Results), to determine the generating sources of this effect, we applied a one-tailed significance threshold
to the source data and only included the theta/alpha component in the analysis. Our rationale for a less
conservative test was three-fold. First, we were interested only in localizing the theta/alpha sources, not in
hypothesis testing. Second, there was no reason to expect the direction of the effect to be reversed from
the sensor to source level. Third, LORETA-KEY applies a voxel-wise control, which is necessary in order
to identify single-voxel effects above chance, but is also more conservative than the cluster-wise control we
applied in sensor space (41). We therefore chose a one-tailed test on a single PC in order to reduce the risk
of Type II error under the assumption that increasing the probability of Type I error is minimal given these
three considerations.

To assess possible group differences in peak alpha frequency and power we identified the maximum power
value in the 5-20 Hz range and the corresponding peak frequency for all participants. Group differences for
both measures were tested using independent-samples t -tests.

Sex was compared between groups using the χ2 test. Spearman’s ρ was used for all correlations. Statistical
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corrections for multiple tests were applied as noted in the Results. For all statistical analyses, α = 0.05 and
tests were 2-tailed except as noted.

Results

Raw Power Spectra Differences

First we averaged the power spectra over all the electrodes and performed cluster permutation analysis to
determine if there were overall group differences across frequencies. SZ exhibited a trend towards increased
power compared to HC (cluster p = 0.06, 2-tailed) in the upper theta/lower alpha range (7-9 Hz) (Fig. 1).
Peak alpha frequency was significantly decreased in SZ (8.9 Hz) compared to HC (9.7 Hz) (t 73=2.8453, p
= 0.005, 2-tailed) with no difference in peak alpha power (t 73 = -1.5574, p = 0.12).

Sensor-Level PCAs

Global decomposition. The first PCA was done across both HC and SZ data sets at the sensor level. To
visualize the contributions of the PCs to the data, we plotted the PC loadings (correlations between PCs
and original variables) weighted by the standard deviations of the original variables, which preserves the
structure of the PC weights in the original data space. The percentages of variance accounted for by the
PCs are given in Table 2.

The results of the global PCA are presented in Fig. 2. PC1 was maximal at 1 Hz and decayed rapidly with
power vanishing at the upper delta bound (˜4 Hz), with largest scores at temporal sensors. PC2 peaked at
10 Hz and covered the canonical alpha band (8-13 Hz) with maximum scores at bilateral occipital sites. PC3
peaked at 7-8 Hz with a band covering theta/alpha frequencies (6-9 Hz) and scores maximized at lateral
occipital and occipito-temporal sensors. PC4 peaked at 9 Hz and was similar to PC2 in scalp distribution.
PC5 exhibited a biphasic loading pattern with a peak covering high theta through low alpha (6-9 Hz) and
a trough at 10 Hz. This PC also exhibited the lowest loading values, suggesting a noise PC. We retained it
since it corresponded to the bend in the scree plot. The spatial distribution of this PC’s scores was focused
on bilateral occipital sites.

For each scalp PC, the scores were compared between HC and SZ using SnPM as described above. We
found a significant difference between HC and SZ scores only for PC 3 (6-9 Hz), which accounted for the
theta/alpha effect in the raw data. There was one significant sensor cluster (p = 0.002) that covered the
entire scalp except for the central parietal and temporal regions.

Within-group decompositions. Next, to determine if the theta/alpha activity represented by PC3 was
present in both participant groups or unique to SZ, we applied PCA to the HC and SZ data sets separately.
The overall spectral and topographic patterns in the within-group decompositions were generally similar
(Fig. 3) except as noted below. In HC (Fig. 3A/B), PC1 exhibited a prominent delta peak (1-3 Hz) with
scores maximized at temporal sites. PC2 and PC3 both peaked at alpha (˜10 Hz) and had maximum score
values at bilateral occipital sites, with PC2 focused over more medial sites than PC3. PC4 did not exhibit
a distinct spectral structure while PC5 exhibited a bimodal alpha peak focused at midline occipital sites.

In SZ, PC1 was almost identical to HC PC3 in spectral and topographic structure. PC2 exhibited a distinct
theta/alpha (6-9 Hz) and lateral occipito-temporal topography similar to PC3 in the global decomposition.
SZ PC3 accounted for lateral temporal delta activity, as in HC PC1. SZ PC4 and PC5 had mixed spectral
structures with weak and relatively unstructured scalp distributions.

Thus, it appears that the theta/alpha activity observed in SZ in the raw data, and which was accounted
for by PC3 in the global decomposition, may constitute a unique pattern of activity in SZ, as there was no
counterpart of SZ PC2 in the HC decomposition.

Source-Level PCA

To determine the cortical sources of the theta/alpha activity identified in sensor space for SZ, we transformed
the scalp voltage data to cortical current source density using sLORETA (see Methods) and applied PCA

6
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to the resulting data. The spectral patterns at the source level were similar to those we found in sensor
space global PCA, with distinct components corresponding to delta, alpha, and theta/alpha bands (Fig. 4).
Theta/alpha activity was represented by PC2 (6-7 Hz peak), which had a broad spatial distribution across
occipital, parietal, temporal, and lateral frontal cortex, with greater values in the right hemisphere. The HC
vs. SZ contrast for PC2 (Fig. 4D) showed significantly increased activity (p < 0.05) in SZ compared to HC
predominantly in the left middle frontal gyrus (Brodmann areas 6, 8, and 9) but also over a collection of
voxels including the inferior frontal gyrus, parahippocampal gyrus, and precentral gyrus. The complete set
of significant voxels is given in Table 3.

The rest of the source-level PCs were also very similar to the sensor-level PCs. PC1 (alpha) peaked at
9 Hz with a source distribution that included ventral prefrontal, temporal, and lateral occipital cortex,
predominantly in the right hemisphere. PC3 accounted for delta (1-3 Hz) power and was most prominent in
widespread posterior areas of the left hemisphere with some bilateral occipital activation. PC4 was a second
alpha component that peaked at 10 Hz with its most prominent activations in the right lateral frontal and
parieto-occipital cortices. PC5 had a multi-phasic spectral structure with peaks in the theta and alpha
bands, smaller loadings, and smaller scores, which were most prominent in the left fronto-temporal cortex.
The percentage of variance accounted for by all the PCs is summarized in Table 2.

Symptom Correlations

Average scores for the sensor-level SZ theta/alpha component (SZ PC3) did not differ significantly correlate
with any of the symptom rating scales at uncorrected p levels. We did not assess source estimate correlations
with symptom scores as we found no significant correlations at the sensor level.

Discussion

Overview

In the raw power spectra, the alpha peak was downwardly shifted in frequency in SZ relative to HC, man-
ifesting as a trend-level increase in spectral power in the 7-9 Hz range and a significant reduction in peak
frequency from ˜10 to ˜9 Hz in SZ compared to HC. PCA decomposed the data into a small number of
characteristic spectral patterns, among which only the theta/alpha PC showed a significant difference be-
tween groups, with greater power in SZ relative to HC. When the SZ and HC data were analyzed separately
with spectral PCA, the theta/alpha PC was apparent only in the SZ data. Localization of the theta/alpha
activity with sLORETA revealed that this activity in SZ was widely distributed across the cortex, mainly
in the prefrontal cortex, with a maximum in the left middle frontal gyrus. Thus, our results suggest that in
SZ, a distinct set of theta/alpha generators is active that is not apparent in healthy individuals.

Spectral Features of Resting EEG in SZ

Increased power in the schizophrenia spectrum during the resting state in the theta or theta/alpha ranges
has been reported in a number of studies (e.g., 2-21). However, in contrast to some studies, we did not also
find significantly increased delta power (4, 9-12, 15-18), which highlights the heterogeneity of spectral profiles
observed in SZ (2). One possible explanation is that the separation of power spectra evident in the delta
and low theta bands in Fig. 1 would be significant with a larger sample size. Alternatively, it is possible
that such an effect was simply not present in this particular patient sample. Furthermore, we did not find
a group difference in alpha power, although this is not surprising as evidence of reduced resting alpha in SZ
is far less consistent that evidence of augmented delta and theta power (2).

The reduction of peak alpha frequency or “slowing” of the EEG reported in some studies (e.g., 10, 14, 22-25)
may actually be due to increased theta/alpha power (global sensor PC3) overlapping with “classical” alpha
oscillations (here represented by PC2 and PC4 in the global sensor PCA). If the classical alpha oscillations do
not differ in power between SZ and HC, the addition of the theta/alpha oscillation could cause the apparent
single alpha peak to shift downwards in frequency. The further use of spectral decomposition methods like
PCA or ICA will be necessary to determine whether this is the case.
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Our analyses suggest that the theta/alpha oscillation is unique to SZ because a PC representing this oscil-
lation was not present in the decomposition of the HC data, only in the SZ data. The uniqueness of the
theta/alpha oscillation to SZ may be supported by the finding of Narayanan et al. (11) that the power
of a theta/alpha IC in their study was not only significantly increased in SZ compared to HC, but also
significantly correlated with the Schizophrenia-Bipolar Scale, such that the IC had higher values for SZ than
psychotic bipolar patients.

Sensor vs. Source-Level Results

In keeping with results obtained at the sensor level we found that in source space the only significant
differences between HC and SZ were accounted for by the theta/alpha component. In contrast to our sensor
results, at the source level the spatial extent of the group difference was confined to the left frontal cortex.
This discrepancy between source and sensor power raises a number of interesting issues that warrant further
investigation. The first consideration is methodological. The advantage of LORETA-KEY’s implementation
of the maximum statistic approach for SnPM correction is that it allows us to localize effects to individual
voxels. This comes at the cost of somewhat reduced statistical power compared to the cluster correction
approach we employed at the sensor level (41), which could account for some changes in the spatial profile
of the effect at the sensor versus source level. That said, we explored this possibility by repeating the sensor
analysis using max-stat as opposed to cluster correction (data not shown) and though the spatial extent of
the effect was slightly reduced, the overall effect at both frontal and occipital sites was still clearly present.
It is worth noting that the overall distribution oft -scores at the source level was similar to that observed at
the sensor level, with peaks at frontal and occipital sites, though only the left frontal effects passed multiple
comparisons correction.

It is also worth noting that, although the source scores were above chance across the brain with a distribution
consistent with the observed sensor scores, the maximum t scores were much more focal at the source level
and concentrated over the left frontal cortex. This could be an issue of statistical power. Some amount of
spatial jitter is inevitable when performing electromagnetic brain imaging, especially when using template
forward models, and increased spatial noise could reduce power in source space. Furthermore, LORETA-
KEY only implements the maximum voxel variant of SnPM, and as noted above, this approach achieves
greater spatial specificity at the cost of reduced power. This does not of course directly imply that cluster
correction at the source-level would return the same result and further research using single-subject MRI
and sensor grids would clarify the issue of spatial jitter by increasing the accuracy of the source model.
Conversely, it is possible that frontal sites are a driver of aberrant theta/alpha activity throughout the brain
in SZ and that this more focal effect is only apparent in source space. Network theoretic analysis using
functional and effective connectivity measures are necessary to investigate this possibility.

Mechanistic Considerations

Increased theta/alpha activity in SZ was mainly found across a wide swath of the prefrontal cortex and the
parahippocampal cortex, with a statistical maximum spanning Brodmann areas 6, 8, and 9 in the middle
frontal gyrus. Dysfunction of the prefrontal cortex in schizophrenia has been long-established (e.g., 39,
40). At the microcircuit level, reduced glutamatergic inputs to pyramidal cells (44) and reduced function of
parvalbumin-expressing (PV), fast-spiking inhibitory interneurons (45) are prominent features in schizophre-
nia. While it is thought to be understood how these abnormalities affect gamma band (30-100 Hz) oscillations
in SZ (e.g., 46), it is not clear how theta/alpha activity might be affected. Indeed, we do not know if the
6-9 Hz oscillation should be considered as a theta or an alpha oscillation, or possibly as a separate, distinct
oscillation.

If this theta/alpha oscillation is part of the family of alpha oscillations, the microcircuit interactions under-
lying these oscillations are poorly understood. Alpha oscillations are generated both in the neocortex and
in the thalamus and involve cortico-thalamic interactions (e.g., 47). An increase in theta/alpha oscillation
power has been reported in several neuropsychiatric disorders (14) as part of the more general syndrome of
thalamocortical dysrhythmia (48).
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On the other hand, if the 6-9 Hz theta/alpha oscillation could be considered as part of the family of theta
oscillations, there is more hope, as the circuit mechanisms underlying theta oscillations have been well-
studied in the hippocampus. Theta oscillations in the hippocampus involve reciprocal interactions between
pyramidal cells, PV interneurons, and slower spiking interneurons. Dysfunction in PV interneurons leads to
reductions in theta power and synchronization (49), as well as reduced phase-amplitude coupling between
theta and gamma oscillations (50). But since theta/alpha power was increased here, it seems unlikely that
the PV interneuron dysfunction that characterizes SZ, in which it is associated with decreased evoked gamma
oscillations and increased spontaneous gamma activity (e.g., 51), could also produce increased theta/alpha
activity.

We note that previously our group reported increased cross-frequency coupling in SZ between upper theta
(7.24 to 8.74 Hz) phase and alpha (9.99 to 11.2 Hz) amplitude in the EEG recorded during the resting
state and auditory steady state stimulation, which was localized to auditory cortex (52). Since the central
frequency of the phase component identified in that study was within the bandwidth of the theta/alpha
component reported here, it is possible that that effect and the present theta/alpha oscillation are related.
We will investigate this question in future work.

As reduced function of N -methyl-D-aspartate receptors (NMDARs) has been implicated in the pathogenesis
of schizophrenia (53), research on the effects of NMDAR antagonists on the EEG could provide insights into
the nature of theta/alpha activity in SZ. Interestingly, studies of the effects of ketamine on the resting EEG
of healthy individuals generally have reported reductions in alpha power (54-56), but in some cases elevated
mid-frontal theta power (55, 57). However, effects similar to the theta/alpha component found here have
not been reported in ketamine studies, to our knowledge. This discrepancy suggests that the acute ketamine
model does not fit all of the electrophysiological abnormalities that are characteristic of SZ, at least in the
chronic state (e.g., 58).

Finally, we note that increased spontaneous low-frequency (delta and theta) activity in SZ has been related
to dopamine metabolism mediated by the catechol-O -methyl transferase (COMT) gene (18, 59). It is not
clear whether those effects extended in the power spectrum into the theta/alpha range, however.

Limitations

Several limitations of this study should be considered when interpreting the results. All patients in this
study were in the chronic state and were receiving antipsychotic medication, so it is unclear to what extent
our findings might have been influenced by antipsychotics or chronicity, although we found no correlations
between theta/alpha power and antipsychotic dosage. Although this study benefited from the use of a dense
electrode grid, we did not record individual sensor locations or structural MRI, thus the spatial accuracy of
our source model is lower than what we would obtain with individual forward models. Finally, the application
of other spectral decomposition methods besides PCA/Varimax, as used here, may provide additional insight
into the composition of resting-state spectra in schizophrenia.

Conclusion

A large number of papers have reported that in the resting state, individuals with schizophrenia-spectrum
disorders show an increase in low frequency EEG activity. Here we used a spectral decomposition method to
find that this activity was accounted for by an apparently unique theta/alpha oscillation in SZ, which was
present in widespread areas of the neocortex. The circuit basis for this increased theta/alpha activity in SZ
is unknown. Further research into the mechanisms underlying alpha and theta oscillations is warranted to
elucidate the mechanisms underlying this effect.
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Table 1. Demographic data and group comparisons. Means (standard error) are reported. For race, W =
white, B = Black, and A = Asian (following US government definitions). No participants were Latino.

HC SZ Group Comparison

N 36 39 -
Age 44.9 (1.2) 45.0 (1.5) t73 = -0.045, p = 0.96
Sex (F/M) 10/26 8/31 U 75 = 753, p = 0.47
Race (A/B/W) 1/11/24 2/14/23 U 74 = 633, p = 0.524
PSES (HC/SZ) 2.4 (0.2) 2.76 (0.2) t70 = -1.30, p = 0.20
WAIS-IV Info 104.1 (2.3) 99.3 (2.0) t73 = 1.59, p = 0.12
SAPS - 9.51 (0.61) -
SANS - 9.73 (0.92) -
Chlorpromazine equivalents - 393.22 (64.94) -

Table 2. Percentage of variance accounted for by each component in the PCAs on sensors and sources,
global and for each group separately.

PC Sensor/Global Sensor/HC Sensor/SZ Source/Global

1 56.5% 59.3% 55.8% 47.0%
2 20.0% 19.7% 22.0% 17.7%
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PC Sensor/Global Sensor/HC Sensor/SZ Source/Global

3 14.0% 14.1% 16.0% 13.5%
4 5.1% 2.3% 3.0% 8.7%
5 1.9% 1.4% 1.3% 4.4%

Table 3. Anatomical locations and number/percentage of voxels above chance at the 0.05 and 0.01 levels
of significance for the SZ > HC theta/alpha effect.

Anatomical Label Brodmann Areas (p < 0.05) # Voxels (p < 0.05) Brodmann Areas (p < 0.01) # Voxels (p < 0.01)

Middle Frontal Gyrus 6, 8, 9, 10,11, 46, 47 108 (27%) 6, 8, 9 11
Parahippocampal Gyrus 27, 28, 30, 34, 35, 36, 37 84 (21%)
Inferior Frontal Gyrus 6, 9, 10, 44, 45, 46, 47 74 (19%)
Precentral Gyrus 4, 6, 9, 44 48 (12%) 6 1
Uncus 20, 28, 34, 36, 38 33 (8%)
Fusiform Gyrus 20, 26, 37 19 (5%)
Inferior Temporal Gyrus 20 9 (2%)
Superior Frontal Gyrus 8,10 6 (2%)
Subcallosal Gyrus 25,34 5 (1%)
Medial Frontal Gyrus 25 3 (<1%)
Anterior Cingulate 25 2 (<1%)
Sub-Gyral 10 1 (<1%)
Superior Temporal Gyrus 38 1 (<1%)

Figure Legends

Fig. 1: Power spectral densities ±SEM for both healthy controls (HC) and schizophrenia patients (SZ)
averaged across sensors. Cluster corrected t -tests revealed a significant difference in the theta/alpha range (7-
9 Hz), which is indicated by the green box. Peak alpha frequency was significantly decreased in SZ compared
to HC.

Fig. 2: Sensor-level global PCA results. (A) Spectral loadings weighted by variable standard deviations
(see Methods). PC3 accounts for the theta/alpha difference apparent in the sensor-level grand average (Fig.
1A). The other PCs account for delta (PC1) and alpha activities (PCs 2, 4, and 5). (B, C) Global PC score
topographies for (B) HC and (C) SZ. (D)Topographies of t -scores of the HC minus SZ effect. Red sensor
markers indicate significant differences with cluster-correction atp < 0.05 (2-tailed). The only PC for which
we observed significant differences between groups was PC3 (theta/alpha). There were two significant sensor
clusters, one over frontal sites and a second over medial occipital and posterior parietal sites.

Fig. 3: Results for the individual sensor-level HC and SZ PCAs.(A) HC PCA spectral loadings (weighted
as in Fig. 2).(B) HC PCA score topographies. (C) SZ PCA spectral loadings (weighted). (D) SZ PCA score
topographies. SZ PC2 corresponds to the theta/alpha PC (PC3) found in the global sensor-level PCA (Fig.
2).

Fig. 4: Source-level PCA results. (A) Weighted spectral loadings. PC2 corresponds to the theta/alpha PC3
in the sensor-level global PCA. (B, C) PC score distributions for(B) HC and (C) SZ. Dorsal views of the
inflated cortical surface are shown. The color bar indicates PC score values.(D) Anatomical distribution of
HC minus SZ t scores for PC2. Voxels for which the contrast was significant (following max-stat correction)
are colored (range is -3.3 < t < -2.7). Dorsal (left) and ventral (right) views of the inflated cortical surface
are shown.
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