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Schizophrenia is a complex psychiatric disorder and many of the factors contributing to its pathogenesis are

poorly understood. In addition, identifying reliable neurophysiological markers would improve diagnosis and

early identification of this disease. The 22q11.2 deletion syndrome (22q11DS) is onemajor risk factor for schizo-

phrenia. Here, we show further evidence that deviant temporal dynamics of EEGmicrostates are a potential neu-

rophysiological marker by showing that the resting state patterns of 22q11DS are similar to those found in

schizophrenia patients. The EEG microstates are recurrent topographic distributions of the ongoing scalp poten-

tial fields with temporal stability of around 80 ms that are mapping the fast reconfiguration of resting state net-

works. Five minutes of high-density EEG recordings was analysed from 27 adult chronic schizophrenia patients,

27 adult controls, 30 adolescents with 22q11DS, and 28 adolescent controls. In both patient groups we found in-

creased class C, but decreased class D presence and high transition probabilities towards the class C microstates.

Moreover, these aberrant temporal dynamics in the two patient groups were also expressed by perturbations of

the long-range dependency of the EEGmicrostates. These findings point to a deficient function of the salience and

attention resting state networks in schizophrenia and 22q11DS as class C and class Dmicrostateswere previously

associatedwith these networks, respectively. These findings elucidate similarities between individuals at risk and

schizophrenia patients and support the notion that abnormal temporal patterns of EEGmicrostatesmight consti-

tute a marker for developing schizophrenia.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Schizophrenia is one of themost devastatingmental disorders. Despite

thorough and intensive research its pathogenesis is still largely unknown.

To better understand the pathogenesis of schizophrenia and identify sus-

ceptible genes, endophenotypes are of crucial interest (Gottesman and

Gould, 2003). Endophenotypes are neurophysiological or neurocognitive

measures sensitive to the underlying genetic abnormalities rather

than the current state of the disease. Endophenotypes are simple, easily

quantified, closer to the gene expression and brain network distur-

bances, and more susceptible to gene discovery, improving prevention

and early diagnosis.

A large body of literature has shown abnormal patterns of resting

state in schizophrenia (Menon, 2011; Palaniyappan and Liddle, 2012).

Both review papers found that the anterior cingulate and the

frontoinsular cortex, as part of the salience resting state network (SN),

play an important role in schizophrenia by integrating, detecting and fil-

tering pertinent internal and external stimuli as well as recruiting the

appropriate networks for sensory information processing. Both models

propose that dysfunctional activation of the SN via aberrant engage-

ment of the fronto-parietal central executive resting network (CEN) is

Schizophrenia Research: Cognition 2 (2015) 159–165

⁎ Corresponding author at: Functional BrainMapping Laboratory, Dept. of Fundamental

Neurosciences, Campus Biotech, 9 Chemin des Mines, CH-1211, Geneva, Switzerland.

Tel.: +41 22 379 0858.

E-mail address: ioana.tomescu@unige.ch (M.I. Tomescu).

http://dx.doi.org/10.1016/j.scog.2015.04.005

2215-0013/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Contents lists available at ScienceDirect

Schizophrenia Research: Cognition

j ourna l homepage: ht tp : / /www.sch iz rescogn i t ion.com/

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scog.2015.04.005&domain=pdf
http://dx.doi.org/10.1016/j.scog.2015.04.005
mailto:ioana.tomescu@unige.ch
http://dx.doi.org/10.1016/j.scog.2015.04.005
http://www.sciencedirect.com/science/journal/22150013


responsible for impairments of sensory information processing in

schizophrenia (Menon, 2011; Palaniyappan and Liddle, 2012).We spec-

ulate that aberrant activation of salience networks could in general re-

sult in a reduced activation of sensory processing networks by altered

top-down control.

Large-scale neural networks are characterised by flexible dynamics

that allow for rapid reorganisation to meet the demands of a constantly

changing environment (Bressler, 1995). Such changes in the sub-second

time scale can be traced in real-time by electroencephalography (EEG).

The EEG microstates are recurrent topographic distributions of the on-

going scalp potential fields with temporal stability of around 80 ms.

The spatial configuration (the topography) and the temporal parame-

ters (mean duration, time coverage, occurrence) of the EEGmicrostates

are consistent across many studies and recordings and only 4 resting

state EEG microstate classes (A–D) are explaining more than 80% of

the data (Khanna et al., 2014; Lehmann et al., 2005). EEG microstates

are proposed to be electrophysiological signatures of the typical fMRI

resting state networks (RSNs), of which the class C resting EEG micro-

state has been linked to the salience network (SN) and the class D mi-

crostate to the central executive resting state networks (CEN) (Britz

et al., 2010).

A recent study revealed that EEGmicrostates show scale-free behav-

iour measured by an index of fractality; i.e., the Hurst exponent (Van de

Ville et al., 2010). The scale-free properties of microstate transitions in

healthy subjects are of interest since neuropsychiatric disorders could

potentially lead to a perturbation of dynamics of EEG microstates and

thus affect also their fractal characteristics. To the best of our knowledge

the scale-free dynamics of microstates in schizophrenia have not yet

been studied. Here, wewould like to investigate if the temporal dynam-

ics of EEGmicrostates in schizophrenia and 22q11DS individuals exhibit

any perturbations in their fractal properties. Several papers investigat-

ing resting EEG in schizophrenia reported abnormalities of the temporal

patterns in EEG microstates (Kikuchi et al., 2007; Kindler et al., 2011;

Koenig et al., 1999; Lehmann et al., 2005; Nishida et al., 2013). Many

studies show a decreased duration of microstate class D (Andreou

et al., 2014; Kikuchi et al., 2007; Koenig et al., 1999; Lehmann et al.,

2005; Nishida et al., 2011), while other studies reported a decreased du-

ration of class B and increased presence of class C (Kikuchi et al., 2007;

Nishida et al., 2011).

The 22q11.2 deletion syndrome (22q11DS) is a genetic syndrome

where the deletion of the locus (q11.2) on the 22nd chromosome is as-

sociatedwith a 30 fold increased risk to develop schizophrenia in adult-

hood (Murphy et al., 1999). In a previous study, we found temporal

patterns of EEG microstates in 22q11.2 deletion syndrome that are in

line with the literature on schizophrenia and with models of resting

state dysfunction (Menon, 2011; Palaniyappan and Liddle, 2012;

Tomescu et al., 2014).We found decreased class D (previously associat-

ed with central executive network CEN) and increased class C (previ-

ously associated with SN) presence and deviant transitions between

microstate classes in a group of 22q11DS adolescents compared with

age-matched healthy individuals (Tomescu et al., 2014). Interestingly,

aberrant activation of the anterior cingulate (a key structure of the

SN) was also observed during auditory stimulation in the 22q11DS ad-

olescents compared with controls (Rihs et al., 2013). The results of

both the resting state study and the auditory paradigm can be integrat-

ed in a framework, in which perception is as a state dependent process

where themomentary state of the brain influences the processing of in-

coming stimuli. Several studies show that the pre-stimulus EEG micro-

state configuration is associated with the perceptual outcome (Britz

and Michel, 2010; Britz and Pitts, 2011; Britz et al., 2011, 2014). Conse-

quently, the deviant temporal dynamics of resting EEG microstates

could reflect perturbations in networks relevant for cognitive function

and could be related to cognitive impairments observed in schizophre-

nia and 22q11 Deletion Syndrome.

Since resting state activity seems to suggest aberrant salience and at-

tention processing in the 22q11DS adolescents (Rihs et al., 2013;

Tomescu et al., 2014), we ask whether we find similar patterns in

schizophrenia patients. We specifically investigate whether there are

similar differences for classes C and D microstates in 22q11DS individ-

uals, with a genetic high-risk for developing schizophrenia, and in

schizophrenia patients.

2. Methods

2.1. Subjects and procedure

This study assembled two cohorts recruited and EEG recorded under

similar conditions in Switzerland and Georgia.

The cohort from Geneva was recruited at the Office Medico-

Pedagogique; for more details about the inclusion/exclusion criteria of

participants see Tomescu et al., 2014. Fifty-eight participants between

12 and 19 years old, 30 patients with 22q11DS (16.5 ± 2.5 years old,

mean ± s.d., 17 females) and 28 healthy individuals (15.6 ± 2.3 years

old, mean ± s.d., 14 females) were included. At the time of the record-

ing, none of the 22q11DS met the diagnostic criteria for schizophrenia,

however, patients were expressing psychotic symptoms (assessed by

interview of the psychiatrist S.E. with the patient and parent/caregiver):

12 patients had no psychotic manifestation, 1 had isolated psychotic

symptoms, 4 patients had less than one psychotic episode per month,

9 patients had at least one episode per month and 4 patients had psy-

chotic episodes at least once per week.

The second cohort included 54 participants between 18 and 54 years

old, 27 control adults (34.2±8 years old;mean±s.d.; 22males) and27

chronic schizophrenia patients (34.5 ± 9.5 years old; mean ± s.d.;14

males). Inpatients (n=7) came from theTbilisiMentalHealthHospital;

outpatients (n=20)were recruited in theNeuropsychiatric Dispensary

and the Psychosocial Rehabilitation Centre in Tbilisi, Georgia. Diagnosis

was made according to the Diagnostic and Statistical Manual of Mental

Disorders, Fourth Edition, (DSM-IV) criteria, based on SCID-CV (Struc-

tured Clinical Interview for DSM-IV, Clinician Version). The severity of

psychotic symptomswas assessed using the scale for assessment of pos-

itive (SAPS (Andreasen, 1984b)) and negative symptoms (SANS

(Andreasen, 1984a)). The chronic schizophrenia patients in this study

expressed positive symptoms with score values: min 3, max 16,

mean = 8.7, s.d. = 3.3, and negative symptoms with score values:

min 3, max 24, mean = 10.4, s.d. = 5.4. The duration since the schizo-

phrenia diagnosis varied between 1 and 28 years with a mean duration

of 10.8 years, s.d. 8.5.With one exception, all patients were treatedwith

either clozapine (10/15/50 mg), haloperidol (10/15/30 mg), trifluoper-

azine (6/10/20 mg), risperidone (2/4/6 mg), quetiapine (100 mg),

olanzapine (10/15 mg), fluphenazine (25 mg), chlorprothixen (12,5/

25 mg) or zuclopenthixol (20 mg). Some patients were prescribed

more than one antipsychotic drug. The chlorpromazine (CPZ) mean

equivalent dose for the patients was 526.02 mg (s.d. = 401.6 mg).

Two patients received trazodone (14 mg), 5 amitriptyline (20/25/

100 mg), 1 paroxetine (20 mg), 1 fluvoxamine (50 mg), 1 citalopram

(40 mg), 3 diazepam (5/10 mg), and 13 trihexyphenidyl (2/4/6 mg).

The controls were recruited from the general population to match the

patients with respect to age, education, and gender (see Table 1). All

participants gave their informed consent before the experiment. All pro-

cedures complied with the Declaration of Helsinki and were approved

by the local ethics committee.

2.2. EEG data acquisition

The EEG data were acquired mostly in the afternoon or early eve-

ning, always in a darkened, electrically shielded room. Participants

were sitting in a comfortable, upright position and were instructed to
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stay awake, as calm as possible, to keep their eyes closed and to relax for

five minutes. In Geneva, the EEG was recorded by a high density, 256-

channel HydroCel Geodesic Sensor Net (Electrical Geodesics Inc, Eu-

gene, USA), sampled online at 1 kHz between DC and 100Hzwith a ver-

tex reference. In Georgia, the EEG was recorded at the Mental Health

Hospital in Tbilisi using a BioSemi Active 2 system (BioSemi) with 64

Ag-AgCl sintered active electrodes positioned in a cap according to the

10–20 system, referenced to the commonmode sense (CMS) electrode,

sampled online at 500 Hz. The electrooculogram (EOG) was recorded

with electrodes positioned 1 cm above and below the right eye and

1 cm lateral to the outer canthi.

2.3. EEG data processing

The EEG datasets were band-pass filtered offline between 1 and

40 Hz. The Geneva dataset had the electrodes on the cheeks and nape

excluded. The remaining 204 electrodes were kept for further

analysis. In order to remove the oculomotor and cardiac artefacts, we

applied the InfoMax-based Independent Component Analysis (ICA)

(Jung et al., 2000). Bad electrodes were interpolated using a 3-D spher-

ical spline (Perrin et al., 1989), and were then recomputed to the

common average-reference for both datasets. The data were then

down-sampled to 125 Hz for the Geneva dataset and 128 Hz for the

Georgia dataset.

For the microstate analysis, the local maxima of the Global field

Power (GFP) – providing best signal to noise-ratio (Pascual-Marqui

et al., 1995) – were submitted to a modified k-means cluster analysis

(Brunet et al., 2011; Murray et al., 2008) that identifies the most repre-

sentative topographies as classes of EEG microstates. For more details

about this procedure, see Tomescu et al. (2014). We computed the k-

means cluster analysis first at the individual level and secondly at the

group level by clustering the individual representatives of the micro-

state classes. Each individual subject contributed to the group map k-

means cluster analysis with its first four dominant microstate classes

in order to have an equal contribution of individual microstates. The

best topographical representatives, the 4 prototypicalmicrostate classes

for each group were then kept for further analysis.

To validate if the 4 representative microstate classes were compara-

ble across groups, we computed the topographical ANOVA (TANOVA)

(Lehmann and Skrandies, 1980; Murray et al., 2008). The TANOVA is a

non-parametric permutation test that allows to investigate statistical

differences between EEG map topographies by means of the map dis-

similarity between the maps after multiple shuffling and permutations

of individual maps (Koenig et al., 2014). Subsequently, each time-

point of each participant’s artefact-corrected EEG was assigned to one

of four classes of group microstate maps on a best correlation basis

(Brunet et al., 2011;Murray et al., 2008). This process allows to quantify

the temporal parameters for each microstate class in each subject and

yields measures such as mean duration, time coverage, frequency of oc-

currence, and global explained variance (GEV). The mean duration is the

averaged amount of time (in ms) that a microstate class was

continuously present, whereas the total time coverage represents the

global, summed amount of time of one microstate class. The frequency

of occurrence indicates how many times a microstate class is recurring

per second, and the global explained variance (GEV) is the sum of the ex-

plained variances of eachmicrostate weighted by the global field power

(GFP).

The free academic software Cartool (brainmapping.unige.ch/

cartool) was used for the microstate analysis (Brunet et al., 2011). For

each microstate parameter (mean duration, time coverage, frequency of

occurrence, and GEV) a two-way repeated measures ANOVA with two

factors: group (22q11DS, adolescent controls, schizophrenia patients,

adult controls), and microstate class (A, B, C, D) was performed.

The EEG microstate syntax (Lehmann et al., 2005) was analysed by

calculating, at each time point, the transition probabilities between

the differentmicrostate classes and compared the probabilities between

the groups as in Gartner et al. (2015) and Tomescu et al. (2014)).

Finally we investigated the fractal characteristics of the EEG micro-

state sequences using a modified version of the method described in

Van de Ville et al. (2010). Specifically, the analysis was performed by

first constructing a multidimensional random walk for each subject,

followed by fractal analysis in order to estimate the Hurst exponents

(Karahanoglu et al., 2014). We performed multivariate ANOVA

(MANOVA) on the Hurst exponents in order to identify if there are

any perturbations in their fractal behaviour.

3. Results

The 4 dominant microstate classes, markedly resembled those that

were previously described in the literature (Britz et al., 2010; Koenig

et al., 1999; Lehmann et al., 2005; Nishida et al., 2013; Strelets et al.,

2003) and explained more than 80% of the global variance in each

group (84.1% in the adolescent control group, 80.7% in the 22q11DS

group, 83.9% in the adult control group and 85% in the schizophrenia pa-

tients). The fourmicrostate classeswere thus categorised as class A, B, C,

and D in accordance with the literature.

To ensure that the 4 microstate classes were topographically similar

between the clinical group and their corresponding controls we per-

formed spatial correlation analysis between each group’s microstate

class topography. Between the 22q11DS and adolescent controls we

found correlation coefficients of 0.92 (A-A), 0.97 (B-B), 0.95 (C-C) and

0.88 (D-D) (see Tomescu et al. (2014)). Between patients with schizo-

phrenia and adult controls the correlation coefficients between the cor-

responding microstate classes were: 0.97 (A-A), 0.98 (B-B), 0.94 (C-C)

and 0.91 (D-D). Additionally, we performed TANOVA analyses for each

correspondingmicrostate class (e.g., class A of controls vs. class A of pa-

tients). As expected, none of these tests was significant (p N 0.05).

We performed a two-way repeated measures ANOVA for each mi-

crostate (means and standard deviations are reported in Table 2).

There was a significant main effect of group for time coverage and a sig-

nificant group × microstate interaction for all microstate parameters:

mean duration (F(9,234) = 6.87, p = 0.000, time coverage (F(9,234) =

Table 1

Demographic table.

22q11 SZ Ado Adult ANOVA

22q11 vs. Ado 22q11 vs. SZ 22q11 vs. Adult Adult vs. SZ Adult vs. Ado SZ vs. Ado

n 30 27 28 27 F(3,106) = 75,751, p = 0.000

age mean 16.5 34.5 15.6 34.2

s.d. 2.5 9.5 2.3 8 post-hoc

p = 0.67 p = 0.00 p = 0.00 p = 0.84 p = 0.00 p = 0.00

gender (F:M) 17:13 5:22 14:14 13:14 p = 0.611 0.716 0.003 0.01 0.014 0.89

SZ = schizophrenia patients; Ado = adolescent controls; 22q11 = 22q11.2 deletion syndrome patients; Gender F = female; M = male.
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8.5, p=0.000), frequency of occurrence (F(9,234)=8.91, p=0.000), and

Global Explained Variance(GEV)(F(9,234) = 12.1, p = 0.000) (see

Table 2). Post hoc tests revealed significant group differences for class

C, and D microstate, as shown in Fig. 1. For mean duration (22q11DS

vs. controls p = 0.003; SZ vs controls p = 0.0001), GEV (22q11DS vs.

controls p = 0.0004; SZ vs controls p = 0.000) and time coverage

(22q11DS vs. controls p = 0.002; SZ vs controls p = 0.0001), the

Class C microstate showed a significantly increased duration for both

the 22q11DS and the schizophrenia patients compared to controls.

The frequency of occurrence of class C was also significantly increased

(22q11DS vs. controls p= 0.01; SZ vs controls p=0.01) in both patient

groups compared to their corresponding controls. Class D microstate

showed a decreased duration in both clinical groups compared to

their controls:mean duration (22q11DS vs. controls p=0.09; SZ vs con-

trols p = 0.03), frequency of occurrence (22q11DS vs. controls p =

0.009; SZ vs controls p = 0.0004), time coverage (22q11DS vs. controls

p = 0.03 SZ vs controls p = 0.002) and GEV (22q11DS vs. controls p =

0.0002; SZ vs controls p = 0.00003).

The analysis of microstate syntax by means of transition probabili-

ties revealed changes in the patient groups that were consistent with

the microstate analysis results. In both patient groups the transitions

to microstate class C increased as compared to their corresponding

control group. As shown in Fig. 2, we observed significantly increased

transition probabilities from class B to class C in 22q11DS compared to

age-matched controls (mean 22q11DS= 0.091, s.d. = 0.023; mean ad-

olescent controls= 0.067, s.d.= 0.025; T(df= 56)= 3.919; p b 0.003).

In patients with schizophrenia with respect to adult controls the transi-

tion to class C microstates was more likely from all the three other

classes aswell as from class C to itself; see Table 3. Conversely, in control

adults the transition to class D microstates was more likely from all the

three other classes; see Table 3.

Fractal analysis of the microstates showed no significant group ef-

fects between the control adolescents and 22q11DS group aswell as be-

tween the control adults and schizophrenia patients. However,

individual post-hoc analysis provided significant differences of the

Hurst exponents within the patients with schizophrenia (p = 0.014)

group, as well as within the 22q11DS group (p = 0.0005). The post-

hoc analysis did not yield any differences of Hurst exponents within

the control groups.

4. Discussion

We compared EEG microstates of chronic adult schizophrenia pa-

tients with a high-risk population of adolescents affected by the

22q11DS. Consistent with previous findings in schizophrenia patients,

we found decreased class D duration compared to controls (Kikuchi

et al., 2007; Kindler et al., 2011; Koenig et al., 1999; Lehmann et al.,

2005; Nishida et al., 2013). We found no difference with respect to

class B microstates as previously reported in patients with schizophre-

nia and clinical high-risk populations (Andreou et al., 2014; Lehmann

et al., 2005; Nishida et al., 2013; Strelets et al., 2003). The difference

may be explained by methodological differences, such as remission of

symptoms (see Andreou et al., 2014) or/and medication effects as

class B microstate differences were reported only on un-medicated pa-

tients (Andreou et al., 2014; Lehmann et al., 2005; Nishida et al., 2013;

Strelets et al., 2003).

The class D microstate has been previously related to focal attention

(Brandeis and Lehmann, 1989) and was associated with the central-

executive network (CEN) anchored in the dorsolateral prefrontal cortex

and the posterior parietal cortex (Britz et al., 2010). The CEN network is

responsible for high-level cognitive functioning such as decision mak-

ing, control of attention and working memory, cognitive processes

which are impaired in schizophrenia patients and 22q11DS

(Lewandowski et al., 2007). Moreover, dysfunction of the CEN is pro-

posed to play an important role in the emergence of many psychiatric

diseases like schizophrenia (Menon, 2011; Palaniyappan and Liddle,

2012). This model explains how inappropriate engagement and disen-

gagement of different resting state networks lead to impoverished cog-

nition and goal-relevant adaptive behaviour in these patients. However,

further investigations are needed to study the effects of other networks

such as the limbic system involving reward andmotivational processes.

Related to clinical symptoms, a decreased microstate class D dura-

tion was observed while schizophrenia patients were self-reporting

auditory hallucinations (Kindler et al., 2011), and another study reports

negative correlations of microstate class D duration with positive,

paranoid symptoms (Koenig et al., 1999). These findings led to

the proposal thatmicrostate class Dmight not reflect specific symptoms

per se but that it rather subserves a protective function when present

for a sufficient duration as precocious termination of this state

was observed while patients were experiencing positive symptoms

(Kindler et al., 2011).

We also found increased class C microstate occurrence, mean dura-

tion, time coverage and GEV in patients with schizophrenia, which has

also been reported in some of the previous papers on microstates in

schizophrenia (Kikuchi et al., 2007; Lehmann et al., 2005; Nishida

et al., 2013). The increased class C duration in both schizophrenia pa-

tients and 22q11DS adolescents with respect to age-matched controls

could explain the increased risk of 22q11DS adolescents to develop

schizophrenia. The class C microstate was related to the salience RSN,

a network comprised of core activations in the bilateral insula and the

anterior cingulate cortex (Britz et al., 2010). Auditory task activations

of the anterior cingulate followed by a downstream reduction of audito-

ry activity in 22q11DS seem to suggest a deficit of salience processing in

this population (Rihs et al., 2013). Functionally, the salience RSN was

shown to be involved in the detection and orientation towards relevant

internal and external stimuli (Menon, 2011). Numerous functional and

structural studies reported salience dysfunctions in schizophrenia and a

recent model is proposing the important role of the salience RSN in

recruiting networks crucial for optimal information processing

(Menon, 2011; Palaniyappan and Liddle, 2012). Hence, the salience net-

work dysfunction would be responsible for the emergence of psychotic

symptoms, such as active auditory hallucinations, which were associat-

ed with increased activation in nodes of the SN (Jardri et al., 2011;

Palaniyappan and Liddle, 2012). The results of our study are in line

Table 2

Results of microstate analysis of classes A, B, C and D for each of the temporal parameters

(mean duration, frequency of occurrence, time coverage and global explained variance):

mean ± s.d.

A B C D A B C D

Mean Duration (ms) Frequency of occurrence

22q11DS

mean

45.4 43.5 69.6 45.2 22q11DS

mean

4.5 4.4 5.9 3.7

s.d. 6.1 6.3 18.7 11.6 s.d. 1 0.9 0.7 1.5

ADO mean 44.3 47.1 60.7 51.8 ADO mean 4.2 4.7 5.2 4.5

s.d. 5.1 7.3 15.6 16.1 s.d. 0.7 0.6 1 1.6

SZ mean 41.4 44.1 61.5 51.6 SZ mean 4 4.4 5.6 4.9

s.d. 4.7 7.2 16.2 11.33 s.d. 1 0.9 0.6 1

Adults mean 41 44.9 49.1 58.2 Adults mean 4.2 4.7 5 5.8

s.d. 5.6 7.5 8.8 12.8 s.d. 1 0.9 0.6 0.8

Time coverage % Global explained variance

22q11DS

mean

21 19.2 41.4 18.5 22q11DS

mean

0.08 0.06 0.27 0.06

s.d. 6.1 5.2 10.5 10.7 s.d. 0.03 0.03 0.1 0.05

ADO mean 19 22.5 32.9 25.4 ADO mean 0.07 0.1 0.19 0.14

s.d. 4.2 5.7 13 14.5 s.d. 0.02 0.04 0.1 0.09

SZ mean 17.2 20.3 35.8 26.5 SZ mean 0.05 0.09 0.22 0.11

s.d. 5.5 6.4 10 9.3 s.d. 0.02 0.04 0.09 0.006

Adults mean 18 22 25.2 34.7 Adults mean 0.06 0.09 0.12 0.19

s.d. 5.1 5.6 5.5 7.9 s.d. 0.02 0.03 0.04 0.07

ADO = adolescent controls; SZ = schizophrenia patients.
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with this model since we observe deviances in resting activity of two

microstate classes associated with the salience and the CEN RSNs both

in the schizophrenia as well in the ultra-high-risk 22q11DS group.

Our fractal analysis investigated the long-range temporal dependen-

cies of EEG microstates. The index of fractality, the Hurst exponent, is

not linked to a specific microstate class, but depends on the interactions

between all four of them. A previous study on healthy controls showed

that theHurst exponent does not significantly differ across healthy indi-

viduals (VandeVille et al., 2010). Here,we replicated the same result for

our controls, but found significant differences of the Hurst exponents

Fig. 1. Results of themicrostate analysis reveal temporal differences between groups. In the four graphs, blue bars represent the control adolescents, orange bars the 22q11DS adolescent

patients, purple bars the adult controls, and red ones the schizophrenia patients. 1. The spatial configuration of the four microstate classes (A, B, C, D) across groups. 2–5. The temporal

microstate parameters frequency of occurrence, mean duration, time coverage and global explained variance (GEV) are significantly different across groups for microstate classes C and D.

3. Missing star on horizontal bar marks a statistical trend (p = 0.09). Error bars indicate the standard deviation (see Table 2).
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within the patient groups. These differences suggest that disturbances

in the temporal dynamics of microstates are reflected by significant dif-

ferences of Hurst exponent in both the 22q11DS and schizophrenia pa-

tients. Importantly, this result suggests that the efficiency of the global

dynamics of EEG microstates was preserved and could point to a com-

pensatory mechanism between the class C and D microstates. Thus,

the deviant temporal dynamics of EEG microstates in clinical popula-

tions could explain differences in information processing strategies,

while a disruption of the long range dependency of the resting state dy-

namics would only occur in more pronounced alterations of the func-

tional activity such as during unconscious states.

Moreover, the results of the syntax analysis suggest that in

schizophrenia patients the increased class C duration is probably ex-

plained by the significant transitions from all other classes towards

the class C microstate, while in healthy adults there is a significant

transition pattern from all other classes towards class D (see

Fig. 2.3 and 2.4). Another study reported more transitions in individ-

uals with schizophrenia from class D to class C and in reverse for the

adult controls (Nishida et al., 2013). Interestingly, in the 22q11DS,

we also find increased transition probabilities from class B to class

C compared to adolescent controls. We could speculate that while

the salience RSN is optimally recruiting the target networks in

healthy adults, in schizophrenia a disconnection could be expressed

by recurrent transitions towards the salience RSN in an effort to re-

cruit the required networks. The fact that the same dynamics are ob-

served in our ultra-high-risk population with 22q11DS could be

indicative of a key mechanism in temporal network dynamics shared

by 22q11DS and schizophrenia.

Certain limitations of this study should be taken into account. First of

all, age is an important factor as it has been shown that microstate pa-

rameters vary with age and conclusions should be drawn with care in

this regard (Koenig et al., 2002). Schizophrenia and the 22q11DS are

both very heterogeneous diseases and differences in medication in the

patient populations are unavoidable. However, it seems that antipsy-

chotic medication only affects the EEGmicrostates in a subset of schizo-

phrenia patients and in such a way that it could not explain the results

here (Kikuchi et al., 2007). In addition, differences in co-occurringmed-

ical conditions in 22q11DS also need to be considered; even though we

found no influence of these factors on previous microstate results in

22q11DS, we cannot completely rule out the influence of these factors

(Tomescu et al., 2014).

While we currently have no information on the resting microstate

dynamics in relatives of schizophrenia patients and the heritability of

these patterns, deviant EEG microstate dynamics of classes C and D

are a promising endophenotype candidate for schizophrenia, which

could help to distinguish individuals at risk and allow for early thera-

peutic intervention strategies.
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Fig. 2.Microstate syntax analysis shows significant differences in transition probabilities

between patient and control groups. 1. Dark arrows indicate significant increases in tran-

sition probabilities from microstate class B towards class C in the 22q11DS patients com-

pared to adolescent controls. 2. Similarly, syntax transitions of SZ are significantly

increased from A, B, C and Dmicrostate classes toward the class C microstate of adult con-

trols. 3. Conversely, adult controls show significant increased transition probabilities from

A, B and C microstate classes towards class D microstate when compared with SZ. SZ =

schizophrenia patients.

Table 3

Significant results of syntax analysis between schizophrenia patients and adult controls:

mean ± s.d. transition probabilities, t-test and p-values.

Adult Controls SZ

mean s.d. mean s.d. t-test (df = 52) p value

A to C 0.059 0.01 0.077 0.017 −4.49 0.00004

B to C 0.055 0.01 0.075 0.017 −5.03 0.000006

C to C 0.83 0.029 0.86 0.033 −3.44 0.001

D to C 0.051 0.012 0.07 0.019 −4.24 0.00009

A to D 0.076 0.02 0.057 0.017 3.66 0.0005

B to D 0.074 0.02 0.057 0.018 3.27 0.001

C to D 0.074 0.018 0.053 0.018 4.25 0.00008

SZ = schizophrenia patients.
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