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Background: Disturbed functional connectivity is assumed to underlie neurocognitive deficits in patients with
schizophrenia. As neurocognitive deficits are already present in the high-risk state, identification of the neural
networks involved in this core feature of schizophrenia is essential to our understanding of the disorder.
Resting-state studies enable such investigations, while at the same time avoiding the known confounder of
impaired task performance in patients. The aim of the present study was to investigate EEG resting-state
connectivity in high-risk individuals (HR) compared to first episode patients with schizophrenia (SZ) and to
healthy controls (HC), and its association with cognitive deficits.
Methods: 64-channel resting-state EEG recordings (eyes closed)were obtained for 28HR, 19 stable SZ, and 23HC,
matched for age, education, and parental education. The imaginary coherence-based multivariate interaction
measure (MIM) was used as a measure of connectivity across 80 cortical regions and six frequency bands.
Mean connectivity at each region was compared across groups using the non-parametric randomization
approach. Additionally, the network-based statistic was applied to identify affected networks in patients.

Results: SZ displayed increased theta-band resting-state MIM connectivity across midline, sensorimotor,
orbitofrontal regions and the left temporoparietal junction. HR displayed intermediate theta-band connectivity
patterns that did not differ from either SZ or HC. Mean theta-band connectivity within the above network
partially mediated verbal memory deficits in SZ and HR.
Conclusions: Aberrant theta-band connectivity may represent a trait characteristic of schizophrenia associated
with neurocognitive deficits. As such, it might constitute a promising target for novel treatment applications.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Since the introduction of the concept of schizophrenia as a disorder
of disturbed communication across neural networks (Andreasen et al.,
1998; Friston, 1999), several studies have confirmed alterations in
brain functional connectivity in patients with schizophrenia (Liemburg
et al., 2012; Lui et al., 2010; Woodward et al., 2011), mainly affecting
connections between frontal and more posterior areas (Pettersson-Yeo
et al., 2011).

Connectivity disturbances have been consistently associated with
deficient performance in a variety of cognitive domains (Dauvermann
et al., 2014), which represents a core feature of schizophrenia
(Heinrichs and Zakzanis, 1998). Suchneurocognitive deficits are already
present in individuals at high risk for the disorder (Agnew-Blais and
and Psychotherapy, University
2, 20246 Hamburg, Germany.
Seidman, 2013; Bora and Murray, 2013). More importantly, they have
been suggested to be more severe in high-risk individuals who will
later develop a psychotic disorder compared to those who will not (De
Herdt et al., 2013). Identification of the neural networks involved in
this core component of schizophrenia might help clarify the pathophys-
iological mechanisms that eventually lead to emergence of psychotic
symptoms, and promote the development of interventions aiming to
prevent transition into a chronic and difficult-to-treat disorder.

Most earlier studies of connectivity in schizophrenia focused on
task-related connectivity indices. However, it has been shown that
spontaneous, “resting-state” activity of the brain also displays discrete
spatiotemporal organization patterns that carry specific functional sig-
nificance (Damoiseaux et al., 2006; Engel et al., 2001, 2013; Friston,
2005). Furthermore, as spontaneous brain activity influences the pro-
cessing of incoming stimuli (Britz et al., 2009; Deco and Corbetta,
2011; Hipp et al., 2011), investigation of the resting-state allows a
view into the underpinnings of cognitive and perceptual disturbances
in schizophrenia while at the same time avoiding the known confound-
er of impaired task performance in patients. As a result, more recent
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studies on connectivity in schizophrenia and in the high-risk state have
increasingly focused on the interactions within and between resting-
state brain networks. Overall, thefindings of these studies indicate com-
plex dysconnectivity patterns in patients and high-risk individuals,
where interactions of a brain area with others might be reduced or
increased depending on the network studied (Allen et al., 2010; Guo
et al., 2014; Liemburg et al., 2012; Lord et al., 2011; Manoliu et al.,
2014; Shim et al., 2010).

All of the aforementioned studies of resting-state connectivity have
employed functional magnetic resonance imaging (fMRI). A shortcom-
ing of fMRI-based measures is that, due to their low time resolution,
they cannot capture the fast dynamics of neuronal interactions, which
occur on a millisecond time-scale (Uhlhaas, 2013). These dynamics
involve neuronal oscillations across a broad frequency range, which
appear to correspond in a frequency-specificmanner to different spatial
network configurations (Hillebrand et al., 2012; Hipp et al., 2012;
Marzetti et al., 2013) and different aspects of stimulus processing
(Leicht et al., 2013; Marco-Pallares et al., 2008). MEG and EEG provide
the opportunity to study the spectral structure of neuronal activity
with excellent temporal resolution and thus to characterize brain
network properties in considerably greater detail compared to fMRI.
Indeed, emerging evidence suggests that certain EEG connectivity
measures, notably those based on phase correlations among signals,
might reveal coupling patterns that are not captured by fMRI (Engel
et al., 2013).

Several studies have reported various EEG/MEG scalp-level connec-
tivity abnormalities in schizophrenia, with results indicating reduced
phase synchronization in the beta and gamma frequency range (Kam
et al., 2013; Kikuchi et al., 2011; Uhlhaas and Singer, 2010), but
increased connectivity in lower frequency bands (Kam et al., 2013), in
patients compared to healthy controls. However, scalp-level analyses
are limited in their usefulness for drawing inferences regarding the un-
derlying sources of electrical activity in the brain, due to known meth-
odological problems associated with reference electrode placement
and volume conduction. So far, few studies have assessed EEG/MEG
connectivity at the source level in schizophrenia. In the gamma-band
range, reduced task-related (Mulert et al., 2004), but intact resting-
state connectivity has been reported (Rutter et al., 2013). In the lower
frequencies, one study (Hinkley et al., 2011) reported a complex pattern
that included region-specific increases and decreases of alpha-band
connectivity in patients, whereas another study (Lehmann et al.,
2014) observed decreased connectivity in the alpha-band, and
increased connectivity in the delta/theta band, in patients. Clearly,
more work is needed until these results can be integrated into a coher-
ent account of connectivity disturbances in schizophrenia. Critically, so
far there is very little information on the networks affected at different
frequency ranges, and whether abnormalities are present before illness
onset.

The aim of the present study was to evaluate EEG resting-state
source-level connectivity across a wide range of frequencies in high-
risk individuals compared to first-episode patients with schizophrenia
and healthy controls. A second aim was to investigate to what extent
resting-state connectivity disturbances contribute to the cognitive defi-
cits that characterize schizophrenia and the high-risk state. An impor-
tant consideration when investigating EEG/MEG connectivity is that
measures of brain interaction may be distorted by signal mixing due
to volume conduction and, for EEG, to the use of a common reference
(Hipp et al., 2012; Nolte et al., 2004; Stam et al., 2007). Therefore, for
the present study we used a multivariate interaction measure that
maximizes both invariance with respect to volume spread and the
detection of true neuronal interactions (Ewald et al., 2012).

2. Materials and methods

The present study was part of a larger ongoing project investigating
resting-state and task-related brain connectivity in schizophrenia by
means of EEG, MEG, and simultaneous EEG–fMRI. Participant samples
consisted of 28 individuals at high-risk for psychosis (HR), 19 patients
with first-episode schizophrenia (SZ), and 23 healthy controls (overlap-
ping with previous publications; Andreou et al., 2014, in press). Only
first-episode patients were included in the SZ group, in order to avoid
confounds related to chronicity and long-term antipsychotic drug treat-
ment. Moreover, only stable SZ were included in analyses, in order to
adequately discriminate trait effects from those of specific acute
symptoms.

SZ and HR individuals were recruited through the Psychosis Center
of the Department of Psychiatry of the University Medical Center
Hamburg-Eppendorf. Exclusion criteria for all participants were current
substance abuse or dependence, and presence of major somatic or neu-
rological disorders. For healthy control subjects, additional exclusion
criteria were any previous psychiatric disorder or treatment, and a
family history of psychotic disorders. Inclusion/exclusion criteria were
assessed with a semi-structured interview conducted by a clinical
psychiatrist or trainee with at least 4 years of clinical experience. The
study was conducted in accordance with the Declaration of Helsinki;
all participants were required to sign an informed consent form prior
to entering the study.

First-episode status was defined as having received the first diagno-
sis and psychiatric treatment less than a year prior to study participa-
tion, and presence of psychotic symptoms in any form for no more
than five years. SZ patients were either (a) stable outpatients (defined
as no change in antipsychotic treatment in the past two months) or
(b) stabilized inpatients after antipsychotic treatment of at least
6-weeks' duration, shortly before discharge.

The high-risk state was defined according to criteria of the Early De-
tection and Intervention program of the German Research Network on
Schizophrenia (GRNS) (Wolwer et al., 2006). These include (a) basic
symptoms, defined as the presence of at least two subjective cognitive
or perceptual disturbances with a score of ≥3 on the Schizophrenia
Proneness Instrument (Schultze-Lutter et al., 2007); (b) presence of
either a positive family history for psychotic disorders or schizotypal
personality disorder, plus decline of at least 30% in the Global Assess-
ment of Functioning scale (APA, 2000); (c) presence of attenuated pos-
itive symptoms or brief, limited and intermittent psychotic symptoms,
as assessed with the Structured Interview for Prodromal Syndromes
and the Scale of Prodromal Symptoms (Miller et al., 2003). In the pres-
ent study, the above criteria were fulfilled in n = 10, n = 3 and n= 23
HR subjects, respectively (please note that more than one criterion
might apply to the same subject). Demographic characteristics of the
three groups, and clinical characteristics of SZ and HR groups, are
presented in Table 1.

Diagnosis of schizophrenia in patients was established with the
Mini International Neuropsychiatric Interview (Sheehan et al., 1998).
Severity of clinical symptomatology was assessed with the Positive
and Negative Syndrome Scale (Kay et al., 1987). Subjects also
underwent neuropsychological testing with an extensive battery that
included tests of memory, attention, and executive functioning (see
SupplementaryMaterial for a complete list of the tasks). Neurocognitive
performance data were available for 20 HC, 17 SZ and 26 HR.

2.1. EEG recording and analyses

A detailed account of EEG recording, electrode placement and com-
putation methods is provided in the Supplementary Material. Record-
ings took place in a sound-attenuated and electrically shielded room.
Continuous EEG activity was recorded while subjects were seated com-
fortably with their eyes closed. Participants weremonitored for electro-
encephalographic signs of drowsiness (Hegerl et al., 2008) for thewhole
duration of the recording (5 to 10min). Recordingswere conducted at a
sampling rate of 1000 Hz with 64 Ag/AgCl electrodes mounted on an
elastic cap (ActiCaps, Brain Products, Munich, Germany), using the
Brain Vision Recorder software version 1.10 (Brain Products, Munich,



Table 1
Clinical and demographic characteristics of the three participant groups.

Healthy controls Schizophrenia High-risk F/χ2 p post-hoc

N N N
Gender (m/f) 18/5 17/2 16/12 8.071 0.02 (f) HR N SZ
Comorbid psychiatric diagnosesa – 13 21

Depressive disorders 2 11
Anxiety disorders – 8
Substance related disordersb 11 6
Personality disorders 1 4

Antipsychotic medication – 16 7
Aripiprazole 2 3
Amisulpride 1 –

Olanzapine 4 2
Paliperidone 3 –

Risperidone 4 –

Quetiapine 2 2
Antidepressants – 6 5
Benzodiazepines/anticholinergic agents – – –

Mean (SD) Mean (SD) Mean (SD)
Age 24.95 (5.4) 23.53 (4.3) 23.13 (4.1) 0.944 0.40
Years of education 15.33 (2.9) 13.66 (3.3) 13.69 (3.0) 2.056 0.14
Years of parental education 14.30 (3.5) 13.61 (3.0) 14.04 (2.6) 0.200 0.82
PANSS scores

Total – 54.88 (16.5) 51.36 (14.2) 0.331 0.57
Positive – 13.67 (6.5) 12.48 (3.9) 0.497 0.49
Negative – 14.07 (5.2) 11.87 (4.0) 2.175 0.15
Disorganization – 14.80 (3.9) 14.22 (4.3) 0.178 0.68
Excitement – 13.40 (4.7) 11.13 (3.4) 2.942 0.10

Antipsychotic medication dosec – 239.59 (182.4) 297.6 (327.5)
Distress – 17.47 (6.6) 16.04 (6.0) 0.477 0.49

VLMT learning score 77.00 (6.6) 59.00 (9.5) 66.15 (13.4) 12.169 b0.001 HC N SZ = HR
VLMT delayed recall 14.15 (1.5) 10.53 (3.0) 12.37 (2.5) 10.424 b0.001 HC N HR N SZ
WLM immediate recall 34.50 (7.9) 23.47 (7.4) 27.17 (10.2) 8.093 0.001 HC N SZ = HR
WLM delayed recall 31.53 (9.0) 19.35 (9.9) 24.48 (9.4) 8.167 0.001 HC N SZ = HR
TMT-A (sec) 19.66 (6.3) 24.18 (7.0) 26.82 (9.1) 4.968 0.01 HC b SZ = HR
TMT-B (sec) 50.73 (18.4) 60.41 (21.7) 59.85 (22.9) 2.000 0.14
Digit span forward 8.30 (1.7) 7.47 (1.9) 8.26 (1.8) 1.500 0.23
Digit span backward 7.15 (1.7) 5.93 (1.7) 6.41 (1.7) 2.758 0.07
Letter–number sequencing 16.20 (3.0) 15.13 (2.9) 14.59 (3.7) 1.427 0.24
Digit symbol 66.10 (7.3) 51.82 (8.6) 58.89 (10.4) 12.938 b0.001 HC N HR N SZ
Letter fluency 44.82 (11.9) 38.56 (11.5) 47.93 (9.8) 2.345 0.11

HC = healthy controls; HR = high-risk individuals; SZ = first-episode schizophrenia patients; VLMT = Verbal Learning and Memory Test; WLM = Wechsler Logical Memory;
TMT-A/B = Trail Making Test, Parts A/B.

a More than one diagnosis per subject possible.
b All subjects currently abstinent.
c In chlorpromazine equivalents; only patients receiving antipsychotic medication were considered in the calculation of mean antipsychotic medication dose.
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Germany). Eye movements were recorded with four EOG channels.
Electrode impedance was always kept below 5 kΩ.

Offline preprocessing was performed with Analyzer 2.0 (Brain
Products GmbH). A 0.1–70 Hz Butterworth zero-phase bandpass filter
(12 dB/octave) was applied. Ocular and prominent muscle artifacts
were removed by means of independent component analysis (ICA).
Subsequently, the recording was divided into 2-s epochs, which were
visually inspected for artifacts, recomputed against the average refer-
ence and down-sampled to 256 Hz.

All further analyses were performed in Matlab (Mathworks) using
custom-made scripts. Spectral estimates were derived in successive
temporal windows with 75% overlap, the length of which varied from
0.125 to 0.5 s depending on the center frequency of the wavelet such
as to result in a frequency resolution of 2 Hz for the delta and theta
frequency bands, 4 Hz for alpha to high beta, and 8 Hz for the gamma
frequency band. The center frequencies of the wavelet were set at 3, 6,
10, 16, 25 and 40 Hz for the delta, theta, alpha, low-beta, high-beta,
and gamma frequency range, respectively.

The intracortical sources of brain electrical activity were localized
using exact low-resolution electromagnetic tomography (eLORETA)
(Pascual-Marqui et al., 2011). Head surface EEG data were recomputed
into 80 sourcemodel time series, corresponding to the centers of all cor-
tical and hippocampal regions of the AAL atlas (40 for each hemisphere,
see Table 2 for coordinates of each point). Thus, connectivity analyses
were based on (80 ∗ 79/2=) 3160 pairs of sources distributed
throughout the cortex, sufficient for obtaining detailed estimates of
connectivity within the constraints posed by the limited spatial res-
olution of EEG.

Asmentioned in the Introduction, EEG connectivity assessmentsmay
be distorted by signal mixing. This problem is usually addressed by ex-
cluding zero-lag interactions from connectivity analyses, based on the
notion that volume conduction occurs instantaneously, while true inter-
actions occur at variable time delays (Hipp et al., 2012; Nolte et al., 2004;
Stam et al., 2007). Most of these methods are bivariate; however, one
must take account that, unless source orientations are fixed (e.g., by
maximizing power), data at the source level are 3-dimensional for
each grid point, corresponding to three source orientations. Multivariate
methods robust to volume conduction artifacts have been introduced by
Pascual-Marqui (2007) and Ewald et al. (2012) to address this problem.
In the present study, we used the multivariate interaction measure
(MIM) proposed by the latter (Ewald et al., 2012). MIM takes into
account the possibility that, due to the low spatial resolution of EEG,
estimated activity at a given grid point reflects neural activation not just
of that point, but also of its vicinity, which may contain activated neuro-
nal groups that have different orientations (please see Supplementary
Material for details).



Table 2
Coordinates of the 80 cortical points used for connectivity analyses.

Left hemisphere Right
hemisphere

x y z x y z

Medial orbitofrontal cortex −5 55 −5 5 50 −5
Middle orbitofrontal cortex −30 50 −10 30 55 −10
Superior frontal gyrus, medial part −5 50 30 10 50 30
Superior frontal gyrus, orbital part −20 50 −15 15 50 −15
Anterior cingulate cortex −5 35 15 5 35 15
Middle frontal gyrus −35 35 35 35 35 35
Superior frontal gyrus −20 35 40 20 30 45
Gyrus rectus −5 35 −20 5 35 −20
Inferior frontal gyrus, orbital part −35 30 −10 40 30 −10
Inferior frontal gyrus, pars triangularis −45 30 15 45 30 15
Inferior frontal operculum −50 15 20 50 15 20
Olfactory gyrus −5 15 −10 5 15 −10
Temporal pole, middle temporal gyrus −35 15 −35 45 15 −30
Temporal pole, superior temporal gyrus −40 15 −20 45 15 −15
Insula −40 10 0 40 10 0
Supplementary motor area −5 5 60 10 0 60
Precentral gyrus −40 −5 50 40 −10 50
Rolandic operculum −50 −10 15 50 −5 15
Middle cingulate cortex −5 −15 40 5 −10 40
Parahippocampal gyrus −20 −15 −20 20 −15 −20
Heschl gyrus −45 −20 10 45 −15 10
Hippocampus −25 −20 −10 25 −20 −10
Superior temporal gyrus −55 −20 5 55 −20 5
Paracentral lobule −5 −25 70 5 −30 70
Postcentral gyrus −45 −25 50 40 −25 55
Inferior temporal gyrus −50 −30 −25 55 −30 −20
Supramarginal gyrus −55 −35 30 55 −30 35
Middle temporal gyrus −55 −35 0 55 −35 0
Fusiform gyrus −30 −40 −20 35 −40 −20
Posterior cingulate cortex −5 −45 25 5 −45 20
Inferior parietal lobule −45 −45 45 45 −45 50
Precuneus −10 −55 50 10 −55 45
Superior parietal lobule −25 −60 60 25 −60 60
Angular gyrus −45 −65 40 40 −60 40
Lingual gyrus −15 −70 −5 15 −65 −5
Calcarine sulcus −10 −80 10 15 −75 10
Cuneus −5 −80 25 15 −80 30
Inferior occipital gyrus −35 −80 −10 35 −80 −10
Middle occipital gyrus −30 −80 15 35 −85 20
Superior occipital gyrus −20 −85 30 20 −80 30
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2.2. Statistical analyses

Differences in scalp oscillatory power between Groups were
assessed with a 2 (Group) × 6 (frequency band) mixed ANOVA with
Group as the between-subjects factor.

Functional connectivity comparisons were conducted separately for
each frequency of interest. Mean connectivity was estimated at each
grid point by averaging its MIM values to all other points across the
source space. The nonparametric randomization approach (Nichols
and Holmes, 2002) was used to estimate critical probability thresholds
for mean MIM difference score across groups, corrected for multiple
comparisons (80 grid-points). Because group comparisons were con-
ducted in a pairwise manner, Bonferroni-adjusted significance values
are reported (correction for three pairwise comparisons: HC vs. SZ, HC
vs. HR, SZ vs. HR).

The above analyses should identify regions that display connectivity
differences between groups, but they do not allow inferences as towhat
these regions interact with, i.e. which networks are affected. Therefore,
significant results obtained with the above single grid-point analyses
were followed up with the network-based-statistic (NBS) introduced
by Zalesky et al. (2010), which corresponds to an application of
cluster-based thresholding of statistical parametric maps (Bullmore
et al., 1999; Nichols and Holmes, 2002) to the graph model. NBS analy-
ses were conducted using the open-source toolbox NBS Connectome
v1.2 (http://www.nitrc.org/projects/nbs).
For networks displaying significant differences between any two
groups, mean connectivity within the network was calculated by aver-
aging connectivity values across all network connections (‘edges’) in
the respective frequency band. The association between these resting-
state connectivity indices and cognitive performance was investigated
with the following procedure: The number of cognitive variables was
reduced with factor analysis. The scores for each of the resulting three
factors (verbal memory, attention/processing speed, and working
memory/executive functioning, see Table S1) were compared between
groups with one-way ANOVAs followed by pairwise post-hoc tests
(Bonferroni correction), and were used in subsequent correlational
analyses (Pearson's r). Significant correlationswere followed up byme-
diation analyses that assessed whether connectivity disturbances
mediated differences in cognitive performance. Factor analyses and
correlation analyses were carried out with SPSS 21.0; for mediation
analyses, the PROCESS macro for SPSS was used (Hayes, 2012). The
association between functional connectivity and symptoms was not
investigated, because of the very low symptom load in the clinical
groups (see Table 1).

A comprehensive account of the nonparametric randomization
approach and the NBS statistic, as well as details of the factor analytical
procedure, are provided in Supplementary Material.

3. Results

The three groups did not differ in age, education or parental educa-
tion. Because of differences in gender ratio (there were more female
participants in theHR than in the SZ group, see Table 1), genderwas ini-
tially included in all analyses reported below. However, as this variable
did not have any significant main effects or interactions with group in
any of the analyses, it was dropped and results are reported without
its inclusion.

The number of artifact-free epochs did not significantly differ be-
tween groups [HC: 212.6 ± 52.3; SZ: 212.7 ± 52.3; HR: 223.0 ± 60.1,
F(2,67) = 0.286 p= .75]. The main effect of group on scalp oscillato-
ry power was not significant [F(2,67) = 0.690, p = 0.54]. The
group × frequency band interaction also missed significance in the
overall ANOVA [F(10,149.001) = 1.608, p = 0.17] (Fig. S1); howev-
er, there was a trend for patients with schizophrenia to display
increased theta scalp oscillatory power compared to healthy controls
(Bonferroni-corrected p = 0.10).

3.1. Connectivity differences between groups

Significant differences in mean connectivity between patients and
controls were observed only in the theta frequency band, and involved
grid points belonging to bilateral somatosensory and motor areas close
to themidline (left paracentral lobule, left precentral gyrus, and bilater-
al postcentral gyrus and supplementary motor area). All of these
areas exhibited higher mean MIM in SZ compared to healthy controls
(maximum difference 0.038, corr. p = 0.01), while HR subjects did not
differ from either SZ patients or healthy controls (both p N 0.90). No
differences emerged in any of the other frequency bands (all p N 0.18).

Following-up the significant result in the theta frequency band, NBS
revealed a network displaying increased connectivity in SZ compared to
healthy controls (threshold t = 2.67, corr. p = 0.035). This network
comprised 40 connections involving mainly bilateral orbitofrontal, me-
dial frontal areas, and posteriormidline regions, aswell as sensorimotor
areas and the temporoparietal junction in the left hemisphere (Table 3,
Fig. 1). There were no significant differences between HR and either SZ
or controls. Mean connectivity values within the above network are
displayed in Fig. 2, where it can be seen that SZ exhibited significantly
higher values than healthy controls, while HR displayed intermediate
values that did not differ from either SZ or healthy controls. These results
remained essentially unchanged when medication (chlorpromazine
equivalent dose) was included as a covariate in the analyses.

http://www.nitrc.org/projects/nbs


Table 3
Brain regions comprising the network of increased theta connectivity in patients
compared to controls, sorted according to their degree (number of connections) within
the network.

Region Hemisphere Degree

Postcentral gyrus Left 15
Precentral gyrus Left 10
Medial obitofrontal gyrus Left 6
Angular gyrus Left 4
Cuneus Left 4
Inferior frontal gyrus, pars triangularis Left 3
Superior frontal gyrus, orbital part Left 3
Inferior parietal gyrus Left 3
Inferior frontal gyrus, pars opercularis Right 2
Middle frontal gyrus, orbital part Left 2
Supplementary motor area Left 2
Calcarine sulcus Left 1
Cuneus Right 1
Inferior frontal gyrus, orbital part Left 1
Inferior frontal gyrus, orbital part Right 1
Inferior frontal gyrus, pars triangularis Right 1
Medial orbitofrontal gyrus Right 1
Superior Frontal gyrus, orbital part Right 1
Heschl gyrus Left 1
Insula Left 1
Insula Right 1
Middle occipital gyrus Left 1
Superior occipital gyrus Right 1
Olfactory gyrus Left 1
Olfactory gyrus Right 1
Paracentral gyrus Left 1
Paracentral gyrus Right 1
Superior parietal gyrus Right 1
Precuneus Left 1
Gyrus rectus Left 1
Gyrus rectus Right 1
Rolandic operculum Left 1
Rolandic operculum Right 1
Supplementary motor area Right 1
Supramarginal gyrus Left 1
Middle temporal gyrus Left 1

Fig. 2.Mean theta-band connectivity across the 37-node network in stable patients with
schizophrenia (SZ), high-risk individuals (HR) and healthy controls (HC). The horizontal
lines represent group means. *p = 0.01 (Bonferroni-corrected).
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3.2. Associations with cognitive performance

Verbal memory significantly differed between the three groups
[F(2,60) = 11.393, p b 0.001], with healthy controls performing signifi-
cantly better than SZ (p b 0.001) and HR (p= 0.02), who differed from
each other only marginally (p = 0.07). There was also a significant
difference in attention/processing speed scores in the overall ANOVA
Fig. 1. Network of increased resting-state theta-band connectivity in stable SZ compared to HC
Labels are provided for nodes with at least 3 connections. As shown in Table 3, these nodes are
Angular gyrus; Cun = Cuneus; FrIT = Inferior frontal gyrus, pars triangularis; FrMO = Medial
gyrus; PostC=Postcentral gyrus. Color coding: Inferior frontal and orbitofrontal cortex=pink;
red; Occipital cortex = green. The figure was created using BrainNet Viewer (http://www.nitr
[F(2,60) = 3.815, p = 0.03]; the only significant post-hoc comparison
was the one between healthy controls and HR (p = 0.03). The third
cognitive factor (working memory/executive functioning) was not
significantly different between groups.

Mean connectivity within the above 40-edge theta-band network
(log-transformed due to significant positive skew) was significantly
correlated with the verbal memory factor (r = 0.434, p b 0.001). The
direction of the correlation was negative, i.e. increased connectivity
was associated with worse cognitive performance (Fig. 3). Controlling
for chlorpromazine equivalent dose did not affect thedirection or signif-
icance of these correlations.

As there were no significant differences between HR and SZ or con-
trols in mean theta-band connectivity in the network in question
(which would be a prerequisite for meaningful mediation analyses
across all three groups), the HR group was clustered together
with SZ for mediation analyses. Mean theta-band connectivity (log-
transformed)within the 40-edge network significantlymediated differ-
ences between healthy controls and HR/SZ in verbalmemory (b=0.19,
95% bootstrap CI [0.04, 0.46]); the size of this effect was in the lower
medium range (κ2 = 0.089, 95% bootstrap CI [0.02,0.21]).
. The size of each node represents its number of connections within the network (degree).
involved inmore than 70% of total interactions within the network. Abbreviations: Ang=
orbitofrontal gyrus; FSupO = Superior frontal gyrus, orbital part; InfP = Inferior parietal
Lateral frontal cortex=yellow; Temporal cortex and insula= light blue; Parietal cortex=
c.org/projects/bnv/).

http://www.nitrc.org/projects/bnv/


Fig. 3. Correlations between mean theta-band connectivity across the 37-node network
and verbal memory factor score across groups (SZ = squares; HR = triangles;
HC = crosses).
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4. Discussion

The main finding of the present study was aberrant theta-band
resting-state connectivity in SZ, while HR displayed intermediate con-
nectivity patterns that did not differ from either patients or healthy con-
trols. Increased theta-band connectivity was noted between midline,
sensorimotor, orbitofrontal regions and the left temporoparietal junc-
tion. Mean connectivity within this network partially mediated verbal
memory deficits in SZ and HR.

Deficits in verbal memory are known to exist long before the onset
of schizophrenia (Agnew-Blais and Seidman, 2013; Bora and Murray,
2013), and have been suggested to be among themost sensitive predic-
tors of future conversion into psychosis (Erlenmeyer-Kimling et al.,
2000; Johnstone et al., 2005; Lencz et al., 2006; Lin et al., 2011; Pukrop
et al., 2007; Riecher-Rossler et al., 2009; Seidman et al., 2006;
Woodberry et al., 2013). So far, these deficits have been mainly investi-
gated in connection with hippocampal damage. Indeed, hippocampal
volume reductions are a consistent finding in patients with schizophre-
nia and in individuals at clinical or genetic high risk for the disorder
(Francis et al., 2013; Walter et al., 2012; Witthaus et al., 2010; Wood
et al., 2010), and have been reported to correlate with verbal memory
deficits in high-risk individuals (Francis et al., 2013). However, findings
regarding the association of hippocampal pathologywith transition into
psychosis have been inconsistent so far (Witthaus et al., 2010; Wood
et al., 2010).

The present study provides an alternative, or an additional, possible
pathophysiological mechanism for the emergence of verbal memory
deficits: Increased resting-state theta-band connectivitywithin awidely
distributed cortical networkwas associatedwithworsememory perfor-
mance in patients and high-risk subjects. This finding is consistent with
previous research implicating theta-band oscillations in neurocognitive
deficits (Wichniak et al., 2014) or cognitive fatigue (Barwick et al., 2012)
in general, and in mnemonic operations in particular: Successful mem-
ory encodinghas been associatedwith changes in theta-bandoscillatory
power along a specific time course (Guderian et al., 2009; Long et al.,
2014; Osipova et al., 2006; Sederberg et al., 2006), and theta-band
oscillations are sensitive to factors affecting memory performance
such as processing depth, contextual manipulations and cognitive load
(Guderian et al., 2009; Hanslmayr and Staudigl, 2014; Sederberg et al.,
2006). Moreover, it has been suggested that mnemonic operations
might be dependent on precisemodulations of theta-band synchroniza-
tion within widely distributed brain networks (Burke et al., 2013; Fell
and Axmacher, 2011; Sato and Yamaguchi, 2007; Summerfield and
Mangels, 2005). According to this framework, increased theta-band
connectivity in the resting state might interfere with appropriate mod-
ulation of theta activity duringmnemonic processes, leading tomemory
deficits. Although the network of increased resting-state theta-band
connectivity observed here did not include the hippocampal formation,
it did comprise several areas of the anterior and posterior midline, the
orbitofrontal cortex and the left temporoparietal junction. These regions
have been consistently identified as parts of the default mode network
(DMN) (Raichle et al., 2001), a set of cortical regions that show coordi-
nated activation in the resting state and deactivation during task execu-
tion. Thus, our results parallel previous findings of fMRI studies that
have reported increased resting-state connectivity both within the
DMNand between its components and other cortical regions in patients
with schizophrenia and high-risk individuals (Chen et al., 2013;
Manoliu et al., 2014; Mingoia et al., 2012; Salvador et al., 2010)
(although these findings have not been confirmed in all studies, see
Bluhm et al., 2007; Repovs et al., 2011). Aberrant DMN activity and/or
deficient DMN deactivation have been suggested to contribute to cogni-
tive dysfunction in schizophrenia and in the high-risk state (Fryer et al.,
2013; He et al., 2013; Wotruba et al., 2013). Our findings suggest that a
specific pathophysiological mechanism, theta-band oscillations, may be
underlying this hyperconnectivity. The observed link to a core trait
characteristic of schizophrenia (i.e. verbal memory deficits), and the
fact that high-risk individuals displayed connectivity values between
those of patients and controls, raise the possibility that theta-band con-
nectivity abnormalities constitute a stable trait of the disorder and are
possibly a marker of future transition into psychosis. If this assumption
is confirmed in future longitudinal studies, it has implications not only
in terms of improved prognosis prediction, but also for treatment, since
it provides a specific target for interventions based on electrophysio-
logical modulation of brain circuits (e.g. repeated transcranial magnetic
stimulation, or transcranial direct/alternative current stimulation).

There were no further differences between groups regarding
resting-state connectivity in any other frequency band. Thismay appear
counter-intuitive in the case of beta- and gamma-band oscillations, as
previous studies have consistently reported reduced connectivity in
patients with schizophrenia in these high frequency ranges (Kam
et al., 2013; Kikuchi et al., 2011; Mulert et al., 2011; Uhlhaas and
Singer, 2010). However, most of these studies assessed connectivity in
the context of sensory tasks. Thus, it is possible that beta- and
gamma-band connectivity disturbances are more relevant in the con-
text of task-related responses to sensory stimuli than in the resting
state. In support of this interpretation, a recent study that assessed
resting-state gamma-band coherence at the source level in schizophre-
nia did not find any significant differences between patients and con-
trols (Rutter et al., 2013). However, findings of another study by our
group (Andreou et al., in press) in a sample of first-episode patients
with schizophrenia (partly overlapping with the present one) indicate
that the issue of gamma-band connectivity in schizophrenia might
even be more complicated: Using an amplitude-based measure of con-
nectivity (as opposed tomeasures based on phase synchronization used
in the present and in previous studies), we observed increased resting-
state gamma-band connectivity across a left-lateralized network
encompassing language and memory areas in patients (Andreou et al.,
in press). This aberrant gamma-band connectivity was more pro-
nounced in patients with low levels of positive and disorganization
symptoms, and involved brain areas quite different from those contrib-
uting to increased theta-band connectivity in the present study. The dif-
ferent patterns and associations of connectivity disturbances observed
in the present and our previous study thus confirm the suggestion
that amplitude- and phase-based measures of connectivity represent
different underlying couplingmechanisms andmayhave different func-
tionalities (Engel et al., 2013).

In the alpha frequency range, our lack of a significant finding is in
contrast to previous studies (Hinkley et al., 2011; Lehmann et al.,
2014) that observed specific disturbances in patientswith schizophrenia
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using similar connectivity measures on MEG resting-state data. In both
of these studies, patients were acutely (Lehmann et al., 2014) or persis-
tently ill (Hinkley et al., 2011), and one of these reported an association
between disturbed alpha-band connectivity and clinical symptoms
(Hinkley et al., 2011). Since our study investigated first episode patients
after sufficient clinical stabilization, it might be that alpha-band connec-
tivity disturbances represent a state characteristic associated with
symptoms. However, further studies are warranted to shed more light
onto this issue.

Certain limitations of the present study need to be addressed. First,
most patients and some high-risk individuals were on antipsychotic
medication. Current evidence suggests that medication status affects
neither neural oscillations (Uhlhaas, 2013; Uhlhaas and Singer, 2010)
nor verbal memory (Keefe et al., 2007). However, and although chlor-
promazine equivalent dose had no effect on results, the possibility of
indirect effects of antipsychotic medication cannot be completely
excluded — especially since some of the antipsychotics used to treat
patients and high-risk subjects in the current sample are known to
increase theta-band activity (Hubl et al., 2001; Liem-Moolenaar et al.,
2011;Wetzel et al., 1995). Second, although EEG has several advantages
when it comes to assessing fast neural network dynamics and the pre-
cise coordination of oscillations of different frequencies, it is limited
both in its spatial resolution and in its capacity to detect sources of elec-
trical activity at deep locations and in the cerebellum. Thus, the present
results do not yield information on possible changes in structures such
as the amygdala or the striatum, which have been reported to show
aberrant interactions in schizophrenia (Anticevic et al., 2013; Liu et al.,
2014) – among others with the DMN (Salvador et al., 2010) – , or in
other brain regions such as the cerebellum or the thalamus, which
have also been implicated in connectivity disturbances in patients
(Argyelan et al., 2014; Chen et al., 2013; Khadka et al., 2013; Klingner
et al., 2014).

In summary, the present study provides evidence for increased
resting-state theta-band connectivity across orbitofrontal areas, the
anterior and posterior midline and the left temporoparietal junction in
patients with schizophrenia. This disturbance may already be present
in the high-risk state, and appears to mediate some of the cognitive
deficits that characterize schizophrenia long before the onset of
psychotic symptoms. Thus, aberrant theta-band connectivitymight con-
stitute a promising target for novel, electrophysiology based, treatment
applications for patients with schizophrenia or high-risk individuals.

Role of funding source
Thisworkwas supported by theGermanResearch Foundation (SFB 936/C6/B5/A3/Z1).

Contributors
C.M., G.L., I.H.-O. andA.E. designed the study andwrote the protocol. N.P., S.M. andA.K.

managed literature searches and data acquisition. C.A., G.N. and S.M. conducted electroen-
cephalographic and statistical analyses. C.A. and G.L. interpreted findings. C.A. wrote the
first draft of the manuscript. All authors contributed to and have approved the final
manuscript.

Conflict of interest
There are no conflicts of interest to declare by any of the authors.

Acknowledgments
None.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.schres.2014.12.018.

References

Agnew-Blais, J., Seidman, L.J., 2013. Neurocognition in youth and young adults under age
30 at familial risk for schizophrenia: a quantitative and qualitative review. Cogn.
Neuropsychiatry 18 (1–2), 44–82.
Allen, P., Stephan, K.E., Mechelli, A., Day, F., Ward, N., Dalton, J., Williams, S.C., McGuire, P.,
2010. Cingulate activity and fronto-temporal connectivity in people with prodromal
signs of psychosis. Neuroimage 49 (1), 947–955.

Andreasen, N.C., Paradiso, S., O'Leary, D.S., 1998. “Cognitive dysmetria” as an integrative
theory of schizophrenia: a dysfunction in cortical-subcortical-cerebellar circuitry?
Schizophr. Bull. 24 (2), 203–218.

Andreou, C., Faber, P.L., Leicht, G., Schoettle, D., Polomac, N., Hanganu-Opatz, I.L.,
Lehmann, D., Mulert, C., 2014. Resting-state connectivity in the prodromal phase of
schizophrenia: insights from EEG microstates. Schizophr. Res. 152 (2–3), 513–520.

Andreou, C., Nolte, G., Leicht, G., Polomac, N., Hanganu-Opatz, I.L., Lambert, M., Engel, A.K.,
Mulert, C., 2014. Increased resting-state gamma-band connectivity in first-episode
schizophrenia. Schizophr. Bull. (in press).

Anticevic, A., Tang, Y., Cho, Y.T., Repovs, G., Cole, M.W., Savic, A., Wang, F., Krystal, J.H., Xu,
K., 2014. Amygdala connectivity differs among chronic, early course, and individuals
at risk for developing schizophrenia. Schizophr. Bull. 40, 1105–1116.

APA, 2000. Diagnostic and Statistical Manual of Mental Disorders. Text revision 4th ed.
American Psychiatric Association, Washington, DC.

Argyelan, M., Ikuta, T., Derosse, P., Braga, R.J., Burdick, K.E., John, M., Kingsley, P.B.,
Malhotra, A.K., Szeszko, P.R., 2014. Resting-state FMRI connectivity impairment in
schizophrenia and bipolar disorder. Schizophr. Bull. 40 (1), 100–110.

Barwick, F., Arnett, P., Slobounov, S., 2012. EEG correlates of fatigue during administration
of a neuropsychological test battery. Clin. Neurophysiol. 123 (2), 278–284.

Bluhm, R.L., Miller, J., Lanius, R.A., Osuch, E.A., Boksman, K., Neufeld, R.W., Theberge, J.,
Schaefer, B., Williamson, P., 2007. Spontaneous low-frequency fluctuations in the
BOLD signal in schizophrenic patients: anomalies in the default network. Schizophr.
Bull. 33 (4), 1004–1012.

Bora, E., Murray, R.M., 2014. Meta-analysis of cognitive deficits in ultra-high risk to
psychosis and first-episode psychosis: do the cognitive deficits progress over, or
after, the onset of psychosis? Schizophr. Bull. 40, 744–755.

Britz, J., Landis, T., Michel, C.M., 2009. Right parietal brain activity precedes perceptual
alternation of bistable stimuli. Cereb. Cortex 19 (1), 55–65.

Bullmore, E.T., Suckling, J., Overmeyer, S., Rabe-Hesketh, S., Taylor, E., Brammer,M.J., 1999.
Global, voxel, and cluster tests, by theory and permutation, for a difference between two
groups of structural MR images of the brain. IEEE Trans. Med. Imaging 18 (1), 32–42.

Burke, J.F., Zaghloul, K.A., Jacobs, J., Williams, R.B., Sperling,M.R., Sharan, A.D., Kahana, M.J.,
2013. Synchronous and asynchronous theta and gamma activity during episodic
memory formation. J. Neurosci. 33 (1), 292–304.

Chen, Y.L., Tu, P.C., Lee, Y.C., Chen, Y.S., Li, C.T., Su, T.P., 2013. Resting-state fMRI mapping
of cerebellar functional dysconnections involving multiple large-scale networks in
patients with schizophrenia. Schizophr. Res. 149 (1–3), 26–34.

Damoiseaux, J.S., Rombouts, S.A., Barkhof, F., Scheltens, P., Stam, C.J., Smith, S.M.,
Beckmann, C.F., 2006. Consistent resting-state networks across healthy subjects.
Proc. Natl. Acad. Sci. U. S. A. 103 (37), 13848–13853.

Dauvermann, M.R., Whalley, H.C., Schmidt, A., Lee, G.L., Romaniuk, L., Roberts, N.,
Johnstone, E.C., Lawrie, S.M.,Moorhead, T.W., 2014. Computational neuropsychiatry—
schizophrenia as a cognitive brain network disorder. Front. Psychiatry 5, 30.

De Herdt, A., Wampers, M., Vancampfort, D., De Hert, M., Vanhees, L., Demunter, H., Van
Bouwel, L., Brunner, E., Probst, M., 2013. Neurocognition in clinical high risk
young adults who did or did not convert to a first schizophrenic psychosis: a
meta-analysis. Schizophr. Res. 149 (1–3), 48–55.

Deco, G., Corbetta, M., 2011. The dynamical balance of the brain at rest. Neuroscientist 17
(1), 107–123.

Engel, A.K., Fries, P., Singer, W., 2001. Dynamic predictions: oscillations and synchrony in
top-down processing. Nat. Rev. Neurosci. 2 (10), 704–716.

Engel, A.K., Gerloff, C., Hilgetag, C.C., Nolte, G., 2013. Intrinsic coupling modes: multiscale
interactions in ongoing brain activity. Neuron 80 (4), 867–886.

Erlenmeyer-Kimling, L., Rock, D., Roberts, S.A., Janal, M., Kestenbaum, C., Cornblatt, B.,
Adamo, U.H., Gottesman, I.I., 2000. Attention, memory, and motor skills as childhood
predictors of schizophrenia-related psychoses: the New York High-Risk Project. Am.
J. Psychiatry 157 (9), 1416–1422.

Ewald, A., Marzetti, L., Zappasodi, F., Meinecke, F.C., Nolte, G., 2012. Estimating true brain
connectivity from EEG/MEG data invariant to linear and static transformations in
sensor space. Neuroimage 60 (1), 476–488.

Fell, J., Axmacher, N., 2011. The role of phase synchronization in memory processes. Nat.
Rev. Neurosci. 12 (2), 105–118.

Francis, A.N., Seidman, L.J., Tandon, N., Shenton, M.E., Thermenos, H.W., Mesholam-Gately,
R.I., van Elst, L.T., Tuschen-Caffier, B., DeLisi, L.E., Keshavan,M.S., 2013. Reduced subicular
subdivisions of the hippocampal formation and verbal declarativememory impairments
in young relatives at risk for schizophrenia. Schizophr. Res. 151 (1–3), 154–157.

Friston, K.J., 1999. Schizophrenia and the disconnection hypothesis. Acta Psychiatr. Scand.
Suppl. 395, 68–79.

Friston, K., 2005. A theory of cortical responses. Philos. Trans. R. Soc. Lond. B Biol. Sci. 360
(1456), 815–836.

Fryer, S.L., Woods, S.W., Kiehl, K.A., Calhoun, V.D., Pearlson, G.D., Roach, B.J., Ford, J.M.,
Srihari, V.H., McGlashan, T.H., Mathalon, D.H., 2013. Deficient suppression of default
mode regions during working memory in individuals with early psychosis and at
clinical high-risk for psychosis. Front. Psychiatry 4, 92.

Guderian, S., Schott, B.H., Richardson-Klavehn, A., Duzel, E., 2009. Medial temporal theta
state before an event predicts episodic encoding success in humans. Proc. Natl.
Acad. Sci. U. S. A. 106 (13), 5365–5370.

Guo, S., Kendrick, K.M., Yu, R., Wang, H.L., Feng, J., 2014. Key functional circuitry altered in
schizophrenia involves parietal regions associated with sense of self. Hum. Brain
Mapp. 35 (1), 123–139.

Hanslmayr, S., Staudigl, T., 2014. How brain oscillations form memories—a processing
based perspective on oscillatory subsequent memory effects. Neuroimage 85 (Pt 2),
648–655.

http://dx.doi.org/10.1016/j.schres.2014.12.018
http://dx.doi.org/10.1016/j.schres.2014.12.018
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0005
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0005
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0005
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0010
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0010
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0015
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0015
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0015
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0020
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0020
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0475
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0475
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0480
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0480
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0485
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0485
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0035
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0035
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0040
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0040
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0045
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0045
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0045
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0490
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0490
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0490
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0055
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0055
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0060
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0060
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0065
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0065
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0070
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0070
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0070
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0075
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0075
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0080
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0080
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0085
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0085
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0085
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0090
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0090
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0095
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0095
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0100
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0100
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0105
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0105
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0105
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0110
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0110
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0110
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0115
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0115
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0120
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0120
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0120
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0130
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0130
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0125
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0125
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0135
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0135
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0135
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0140
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0140
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0140
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0145
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0145
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0145
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0150
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0150
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0150


306 C. Andreou et al. / Schizophrenia Research 161 (2015) 299–307
Hayes, A.F., 2012. PROCESS: a versatile computational tool for observed variable
mediation, moderation, and conditional process modeling [White paper].

He, Z., Deng, W., Li, M., Chen, Z., Jiang, L., Wang, Q., Huang, C., Collier, D.A., Gong, Q., Ma, X.,
Zhang, N., Li, T., 2013. Aberrant intrinsic brain activity and cognitive deficit in first-
episode treatment-naive patients with schizophrenia. Psychol. Med. 43 (4), 769–780.

Hegerl, U., Stein, M., Mulert, C., Mergl, R., Olbrich, S., Dichgans, E., Rujescu, D., Pogarell, O.,
2008. EEG-vigilance differences between patients with borderline personality
disorder, patients with obsessive–compulsive disorder and healthy controls. Eur.
Arch. Psychiatry Clin. Neurosci. 258 (3), 137–143.

Heinrichs, R.W., Zakzanis, K.K., 1998. Neurocognitive deficit in schizophrenia: a quantitative
review of the evidence. Neuropsychology 12 (3), 426–445.

Hillebrand, A., Barnes, G.R., Bosboom, J.L., Berendse, H.W., Stam, C.J., 2012. Frequency-
dependent functional connectivity within resting-state networks: an atlas-based
MEG beamformer solution. Neuroimage 59 (4), 3909–3921.

Hinkley, L.B., Vinogradov, S., Guggisberg, A.G., Fisher, M., Findlay, A.M., Nagarajan, S.S.,
2011. Clinical symptoms and alpha band resting-state functional connectivity
imaging in patients with schizophrenia: implications for novel approaches to
treatment. Biol. Psychiatry 70 (12), 1134–1142.

Hipp, J.F., Engel, A.K., Siegel, M., 2011. Oscillatory synchronization in large-scale cortical
networks predicts perception. Neuron 69 (2), 387–396.

Hipp, J.F., Hawellek, D.J., Corbetta, M., Siegel, M., Engel, A.K., 2012. Large-scale cortical
correlation structure of spontaneous oscillatory activity. Nat. Neurosci. 15 (6),
884–890.

Hubl, D., Kleinlogel, H., Frolich, L., Weinandi, T., Maurer, K., Holstein, W., Czekalla, J.,
Dierks, T., 2001. Multilead quantitative electroencephalogram profile and cognitive
evoked potentials (P300) in healthy subjects after a single dose of olanzapine.
Psychopharmacology (Berl) 158 (3), 281–288.

Johnstone, E.C., Ebmeier, K.P., Miller, P., Owens, D.G., Lawrie, S.M., 2005. Predicting
schizophrenia: findings from the Edinburgh High-Risk Study. Br. J. Psychiatry 186,
18–25.

Kam, J.W., Bolbecker, A.R., O'Donnell, B.F., Hetrick, W.P., Brenner, C.A., 2013. Resting state
EEG power and coherence abnormalities in bipolar disorder and schizophrenia.
J. Psychiatr. Res. 47 (12), 1893–1901.

Kay, S.R., Fiszbein, A., Opler, L.A., 1987. The positive and negative syndrome scale (PANSS)
for schizophrenia. Schizophr. Bull. 13 (2), 261–276.

Keefe, R.S., Bilder, R.M., Davis, S.M., Harvey, P.D., Palmer, B.W., Gold, J.M., Meltzer, H.Y.,
Green, M.F., Capuano, G., Stroup, T.S., McEvoy, J.P., Swartz, M.S., Rosenheck, R.A.,
Perkins, D.O., Davis, C.E., Hsiao, J.K., Lieberman, J.A., Investigators, C., Neurocognitive
Working, G., 2007. Neurocognitive effects of antipsychotic medications in patients
with chronic schizophrenia in the CATIE Trial. Arch. Gen. Psychiatry 64 (6), 633–647.

Khadka, S., Meda, S.A., Stevens, M.C., Glahn, D.C., Calhoun, V.D., Sweeney, J.A., Tamminga,
C.A., Keshavan,M.S., O'Neil, K., Schretlen, D., Pearlson, G.D., 2013. Is aberrant function-
al connectivity a psychosis endophenotype? A resting state functional magnetic
resonance imaging study. Biol. Psychiatry 74 (6), 458–466.

Kikuchi, M., Hashimoto, T., Nagasawa, T., Hirosawa, T., Minabe, Y., Yoshimura, M., Strik, W.,
Dierks, T., Koenig, T., 2011. Frontal areas contribute to reduced global coordination of
resting-state gamma activities in drug-naive patients with schizophrenia. Schizophr.
Res. 130 (1–3), 187–194.

Klingner, C.M., Langbein, K., Dietzek, M., Smesny, S., Witte, O.W., Sauer, H., Nenadic, I.,
2014. Thalamocortical connectivity during resting state in schizophrenia. Eur. Arch.
Psychiatry Clin. Neurosci. 264 (2), 111–119.

Lehmann, D., Faber, P.L., Pascual-Marqui, R.D., Milz, P., Herrmann, W.M., Koukkou, M.,
Saito, N., Winterer, G., Kochi, K., 2014. Functionally aberrant electrophysiological
cortical connectivities in first episode medication-naive schizophrenics from three
psychiatry centers. Front. Hum. Neurosci. 8, 635.

Leicht, G., Troschutz, S., Andreou, C., Karamatskos, E., Ertl, M., Naber, D., Mulert, C., 2013.
Relationship between oscillatory neuronal activity during reward processing and
trait impulsivity and sensation seeking. PloS One 8 (12), e83414.

Lencz, T., Smith, C.W., McLaughlin, D., Auther, A., Nakayama, E., Hovey, L., Cornblatt, B.A.,
2006. Generalized and specific neurocognitive deficits in prodromal schizophrenia.
Biol. Psychiatry 59 (9), 863–871.

Liemburg, E.J., Vercammen, A., Ter Horst, G.J., Curcic-Blake, B., Knegtering, H., Aleman, A.,
2012. Abnormal connectivity between attentional, language and auditory networks
in schizophrenia. Schizophr. Res. 135 (1–3), 15–22.

Liem-Moolenaar, M., Rad, M., Zamuner, S., Cohen, A.F., Lemme, F., Franson, K.L.,
van Gerven, J.M., Pich, E.M., 2011. Central nervous system effects of the interaction
between risperidone (single dose) and the 5-HT6 antagonist SB742457 (repeated
doses) in healthy men. Br. J. Clin. Pharmacol. 71 (6), 907–916.

Lin, A., Wood, S.J., Nelson, B., Brewer, W.J., Spiliotacopoulos, D., Bruxner, A., Broussard, C.,
Pantelis, C., Yung, A.R., 2011. Neurocognitive predictors of functional outcome two to
13 years after identification as ultra-high risk for psychosis. Schizophr. Res. 132 (1), 1–7.

Liu, H., Tang, Y., Womer, F., Fan, G., Lu, T., Driesen, N., Ren, L., Wang, Y., He, Y., Blumberg,
H.P., Xu, K., Wang, F., 2014. Differentiating patterns of amygdala-frontal functional
connectivity in schizophrenia and bipolar disorder. Schizophr. Bull. 40 (2), 469–477.

Long, N.M., Burke, J.F., Kahana, M.J., 2014. Subsequent memory effect in intracranial and
scalp EEG. Neuroimage 84, 488–494.

Lord, L.D., Allen, P., Expert, P., Howes, O., Lambiotte, R., McGuire, P., Bose, S.K., Hyde, S.,
Turkheimer, F.E., 2011. Characterization of the anterior cingulate's role in the at-
risk mental state using graph theory. Neuroimage 56 (3), 1531–1539.

Lui, S., Li, T., Deng, W., Jiang, L., Wu, Q., Tang, H., Yue, Q., Huang, X., Chan, R.C., Collier, D.A.,
Meda, S.A., Pearlson, G., Mechelli, A., Sweeney, J.A., Gong, Q., 2010. Short-term effects
of antipsychotic treatment on cerebral function in drug-naive first-episode
schizophrenia revealed by “resting state” functional magnetic resonance imaging.
Arch. Gen. Psychiatry 67 (8), 783–792.

Manoliu, A., Riedl, V., Zherdin, A., Muhlau, M., Schwerthoffer, D., Scherr, M., Peters, H.,
Zimmer, C., Forstl, H., Bauml, J., Wohlschlager, A.M., Sorg, C., 2014. Aberrant
dependence of default mode/central executive network interactions on anterior
insular salience network activity in schizophrenia. Schizophr. Bull. 40 (2), 428–437.

Marco-Pallares, J., Cucurell, D., Cunillera, T., Garcia, R., Andres-Pueyo, A., Munte, T.F.,
Rodriguez-Fornells, A., 2008. Human oscillatory activity associated to reward
processing in a gambling task. Neuropsychologia 46 (1), 241–248.

Marzetti, L., Della Penna, S., Snyder, A.Z., Pizzella, V., Nolte, G., de Pasquale, F., Romani, G.L.,
Corbetta, M., 2013. Frequency specific interactions of MEG resting state activity
within and across brain networks as revealed by the multivariate interaction
measure. Neuroimage 79, 172–183.

Miller, T.J., McGlashan, T.H., Rosen, J.L., Cadenhead, K., Cannon, T., Ventura, J., McFarlane, W.,
Perkins, D.O., Pearlson, G.D., Woods, S.W., 2003. Prodromal assessment with the
structured interview for prodromal syndromes and the scale of prodromal symptoms:
predictive validity, interrater reliability, and training to reliability. Schizophr. Bull. 29
(4), 703–715.

Mingoia, G., Wagner, G., Langbein, K., Maitra, R., Smesny, S., Dietzek, M., Burmeister, H.P.,
Reichenbach, J.R., Schlosser, R.G., Gaser, C., Sauer, H., Nenadic, I., 2012. Default mode
network activity in schizophrenia studied at resting state using probabilistic ICA.
Schizophr. Res. 138 (2–3), 143–149.

Mulert, C., Jager, L., Schmitt, R., Bussfeld, P., Pogarell, O., Moller, H.J., Juckel, G., Hegerl, U.,
2004. Integration of fMRI and simultaneous EEG: towards a comprehensive under-
standing of localization and time-course of brain activity in target detection.
Neuroimage 22 (1), 83–94.

Mulert, C., Kirsch, V., Pascual-Marqui, R., McCarley, R.W., Spencer, K.M., 2011. Long-range
synchrony of gamma oscillations and auditory hallucination symptoms in schizo-
phrenia. Int. J. Psychophysiol. 79 (1), 55–63.

Nichols, T.E., Holmes, A.P., 2002. Nonparametric permutation tests for functional neuro-
imaging: a primer with examples. Hum. Brain Mapp. 15 (1), 1–25.

Nolte, G., Bai, O., Wheaton, L., Mari, Z., Vorbach, S., Hallett, M., 2004. Identifying true brain
interaction from EEG data using the imaginary part of coherency. Clin. Neurophysiol.
115 (10), 2292–2307.

Osipova, D., Takashima, A., Oostenveld, R., Fernandez, G., Maris, E., Jensen, O., 2006. Theta
and gamma oscillations predict encoding and retrieval of declarative memory.
J. Neurosci. 26 (28), 7523–7531.

Pascual-Marqui, R., 2007. Instantaneous and laggedmeasurements of linear and nonlinear
dependence between groups of multivariate time seies: frequency decomposition,
Arxiv.

Pascual-Marqui, R.D., Lehmann, D., Koukkou, M., Kochi, K., Anderer, P., Saletu, B., Tanaka, H.,
Hirata, K., John, E.R., Prichep, L., Biscay-Lirio, R., Kinoshita, T., 2011. Assessing interactions
in the brain with exact low-resolution electromagnetic tomography. Philos. Trans. A
Math. Phys. Eng. Sci. 369 (1952), 3768–3784.

Pettersson-Yeo, W., Allen, P., Benetti, S., McGuire, P., Mechelli, A., 2011. Dysconnectivity in
schizophrenia: where are we now? Neurosci. Biobehav. Rev. 35 (5), 1110–1124.

Pukrop, R., Ruhrmann, S., Schultze-Lutter, F., Bechdolf, A., Brockhaus-Dumke, A.,
Klosterkotter, J., 2007. Neurocognitive indicators for a conversion to psychosis:
comparison of patients in a potentially initial prodromal state who did or did not
convert to a psychosis. Schizophr. Res. 92 (1–3), 116–125.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98 (2), 676–682.

Repovs, G., Csernansky, J.G., Barch, D.M., 2011. Brain network connectivity in individuals
with schizophrenia and their siblings. Biol. Psychiatry 69 (10), 967–973.

Riecher-Rossler, A., Pflueger, M.O., Aston, J., Borgwardt, S.J., Brewer, W.J., Gschwandtner,
U., Stieglitz, R.D., 2009. Efficacy of using cognitive status in predicting psychosis: a
7-year follow-up. Biol. Psychiatry 66 (11), 1023–1030.

Rutter, L., Nadar, S.R., Holroyd, T., Carver, F.W., Apud, J., Weinberger, D.R., Coppola, R.,
2013. Graph theoretical analysis of resting magnetoencephalographic functional
connectivity networks. Front. Comput. Neurosci. 7, 93.

Salvador, R., Sarro, S., Gomar, J.J., Ortiz-Gil, J., Vila, F., Capdevila, A., Bullmore, E., McKenna, P.J.,
Pomarol-Clotet, E., 2010. Overall brain connectivity maps show cortico-subcortical
abnormalities in schizophrenia. Hum. Brain Mapp. 31 (12), 2003–2014.

Sato, N., Yamaguchi, Y., 2007. Theta synchronization networks emerge during human
object-place memory encoding. Neuroreport 18 (5), 419–424.

Schultze-Lutter, F., Addington, J., Ruhrmann, S., Klosterkotter, J., 2007. Schizophrenia
Proneness Instrument, Adult Version. Giovanni Fioriti Editore, Roma, Italy.

Sederberg, P.B., Gauthier, L.V., Terushkin, V., Miller, J.F., Barnathan, J.A., Kahana, M.J., 2006.
Oscillatory correlates of the primacy effect in episodic memory. Neuroimage 32 (3),
1422–1431.

Seidman, L.J., Giuliano, A.J., Smith, C.W., Stone, W.S., Glatt, S.J., Meyer, E., Faraone, S.V.,
Tsuang, M.T., Cornblatt, B., 2006. Neuropsychological functioning in adolescents and
young adults at genetic risk for schizophrenia and affective psychoses: results from
the Harvard and Hillside Adolescent High Risk Studies. Schizophr. Bull. 32 (3),
507–524.

Sheehan, D.V., Lecrubier, Y., Sheehan, K.H., Amorim, P., Janavs, J., Weiller, E., Hergueta, T.,
Baker, R., Dunbar, G.C., 1998. The Mini-International Neuropsychiatric Interview
(M.I.N.I.): the development and validation of a structured diagnostic psychiatric
interview for DSM-IV and ICD-10. J. Clin. Psychiatry 59 (Suppl. 20), 22–33 (quiz
34–57).

Shim, G., Oh, J.S., Jung, W.H., Jang, J.H., Choi, C.H., Kim, E., Park, H.Y., Choi, J.S., Jung, M.H.,
Kwon, J.S., 2010. Altered resting-state connectivity in subjects at ultra-high risk for
psychosis: an fMRI study. Behav. Brain Funct. 6, 58.

Stam, C.J., Nolte, G., Daffertshofer, A., 2007. Phase lag index: assessment of functional
connectivity from multi channel EEG and MEG with diminished bias from common
sources. Hum. Brain Mapp. 28 (11), 1178–1193.

Summerfield, C., Mangels, J.A., 2005. Coherent theta-band EEG activity predicts
item-context binding during encoding. Neuroimage 24 (3), 692–703.

Uhlhaas, P.J., 2013. Dysconnectivity, large-scale networks and neuronal dynamics in
schizophrenia. Curr. Opin. Neurobiol. 23 (2), 283–290.

http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0155
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0155
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0160
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0160
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0165
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0165
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0165
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0170
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0170
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0175
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0175
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0175
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0180
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0180
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0180
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0185
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0185
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0190
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0190
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0190
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0195
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0195
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0195
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0200
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0200
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0200
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0205
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0205
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0205
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0210
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0210
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0215
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0215
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0220
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0220
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0220
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0225
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0225
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0225
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0230
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0230
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0235
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0235
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0235
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0240
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0240
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0245
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0245
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0255
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0255
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0250
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0250
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0250
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0260
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0260
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0265
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0265
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0270
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0270
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0275
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0275
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0280
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0280
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0280
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0280
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0285
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0285
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0285
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0290
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0290
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0295
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0295
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0295
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0300
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0300
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0300
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0300
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0305
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0305
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0305
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0310
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0310
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0310
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0315
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0315
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0315
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0320
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0320
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0325
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0325
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0325
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0330
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0330
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0330
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0495
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0495
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0495
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0340
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0340
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0340
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0345
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0345
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0350
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0350
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0350
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0355
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0360
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0360
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0365
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0365
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0370
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0370
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0375
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0375
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0380
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0380
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0500
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0500
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0390
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0390
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0395
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0395
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0395
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0395
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0505
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0505
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0505
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0505
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0400
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0400
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0405
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0405
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0405
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0410
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0410
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0415
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0415


307C. Andreou et al. / Schizophrenia Research 161 (2015) 299–307
Uhlhaas, P.J., Singer,W., 2010. Abnormal neural oscillations and synchrony in schizophrenia.
Nat. Rev. Neurosci. 11 (2), 100–113.

Walter, A., Studerus, E., Smieskova, R., Kuster, P., Aston, J., Lang, U.E., Radue, E.W.,
Riecher-Rossler, A., Borgwardt, S., 2012. Hippocampal volume in subjects at
high risk of psychosis: a longitudinal MRI study. Schizophr. Res. 142 (1–3),
217–222.

Wetzel, H., Szegedi, A., Hain, C., Wiesner, J., Schlegel, S., Benkert, O., 1995.
Seroquel (ICI 204 636), a putative “atypical” antipsychotic, in schizophrenia
with positive symptomatology: results of an open clinical trial and changes
of neuroendocrinological and EEG parameters. Psychopharmacology (Berl)
119 (2), 231–238.

Wichniak, A., Okruszek, L., Linke, M., Jarkiewicz, M., Jedrasik-Styla, M., Ciolkiewicz, A.,
Wierzbicka, A., Jernajczyk, W., Jarema, M., 2014. Electroencephalographic
theta activity and cognition in schizophrenia: Preliminary results. World J. Biol.
Psychiatry 1–5.

Witthaus, H., Mendes, U., Brune, M., Ozgurdal, S., Bohner, G., Gudlowski, Y., Kalus, P.,
Andreasen, N., Heinz, A., Klingebiel, R., Juckel, G., 2010. Hippocampal subdivision
and amygdalar volumes in patients in an at-risk mental state for schizophrenia.
J. Psychiatry Neurosci. 35 (1), 33–40.
Wolwer, W., Baumann, A., Bechdolf, A., Buchkremer, G., Hafner, H., Janssen, B.,
Klosterkotter, J., Maier, W., Moller, H.J., Ruhrmann, S., Gaebel, W., 2006. The German
Research Network on Schizophrenia—impact on the management of schizophrenia.
Dialogues Clin. Neurosci. 8 (1), 115–121.

Wood, S.J., Kennedy, D., Phillips, L.J., Seal, M.L., Yucel, M., Nelson, B., Yung, A.R., Jackson, G.,
McGorry, P.D., Velakoulis, D., Pantelis, C., 2010. Hippocampal pathology in individuals
at ultra-high risk for psychosis: a multi-modal magnetic resonance study.
Neuroimage 52 (1), 62–68.

Woodberry, K.A., McFarlane, W.R., Giuliano, A.J., Verdi, M.B., Cook, W.L., Faraone, S.V.,
Seidman, L.J., 2013. Change in neuropsychological functioning over one year in
youth at clinical high risk for psychosis. Schizophr. Res. 146 (1–3), 87–94.

Woodward, N.D., Rogers, B., Heckers, S., 2011. Functional resting-state networks are
differentially affected in schizophrenia. Schizophr. Res. 130 (1–3), 86–93.

Wotruba, D., Michels, L., Buechler, R., Metzler, S., Theodoridou, A., Gerstenberg, M.,
Walitza, S., Kollias, S., Rossler, W., Heekeren, K., 2014. Aberrant coupling within and
across the default mode, task-positive, and salience network in subjects at risk for
psychosis. Schizophr. Bull. 40, 1095–1104.

Zalesky, A., Fornito, A., Bullmore, E.T., 2010. Network-based statistic: identifying
differences in brain networks. Neuroimage 53 (4), 1197–1207.

http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0420
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0420
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0425
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0425
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0425
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0430
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0430
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0430
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0430
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0435
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0435
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0435
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0440
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0440
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0440
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0445
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0445
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0445
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0450
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0450
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0450
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0455
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0455
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0460
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0460
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0510
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0510
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0510
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0470
http://refhub.elsevier.com/S0920-9964(14)00728-2/rf0470

	Resting-�state theta-�band connectivity and verbal memory in schizophrenia and in the high-�risk state
	1. Introduction
	2. Materials and methods
	2.1. EEG recording and analyses
	2.2. Statistical analyses

	3. Results
	3.1. Connectivity differences between groups
	3.2. Associations with cognitive performance

	4. Discussion
	Role of funding source
	Contributors
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


