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Abstract Spontaneous EEG signal can be parsed into

sub-second periods of stable functional states (microstates)

that assumingly correspond to brief large scale synchro-

nization events. In schizophrenia, a specific class of

microstate (class ‘‘D’’) has been found to be shorter than in

healthy controls and to be correlated with positive symp-

toms. To explore potential new treatment options in

schizophrenia, we tested in healthy controls if neurofeed-

back training to self-regulate microstate D presence is

feasible and what learning patterns are observed. Twenty

subjects underwent EEG-neurofeedback training to up-

regulate microstate D presence. The protocol included 20

training sessions, consisting of baseline trials (resting

state), regulation trials with auditory feedback contingent

on microstate D presence, and a transfer trial. Response to

neurofeedback was assessed with mixed effects modelling.

All participants increased the percentage of time spent

producing microstate D in at least one of the three condi-

tions (p\ 0.05). Significant between-subjects across-ses-

sions results showed an increase of 0.42 % of time spent

producing microstate D in baseline (reflecting a sustained

change in the resting state), 1.93 % of increase during

regulation and 1.83 % during transfer. Within-session

analysis (performed in baseline and regulation trials only)

showed a significant 1.65 % increase in baseline and

0.53 % increase in regulation. These values are in a range

that is expected to have an impact upon psychotic experi-

ences. Additionally, we found a negative correlation

between alpha power and microstate D contribution during

neurofeedback training. Given that microstate D has been

related to attentional processes, this result provides further

evidence that the training was to some degree specific for

the attentional network. We conclude that microstate-neu-

rofeedback training proved feasible in healthy subjects.

The implementation of the same protocol in schizophrenia

patients may promote skills useful to reduce positive

symptoms by means of EEG-neurofeedback.

Keywords EEG � Neurofeedback � Resting state �
Microstates � Modelling � Schizophrenia

Introduction

Despite major progress, treatment options for patients

suffering from schizophrenia are still suboptimal. The

default treatment strategy is anti-psychotic medication.

However, those patients who respond to treatment, besides

having residual symptoms, can also suffer important and

disturbing side effects (involuntary movements such as

tremor and rigidity, drug-induced Parkinson’s disease,

tardive dyskinesia, hyper-salivation, increased heart rate,
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metabolic syndrome, and weight gain) that often require an

additional medication. These side effects are frequently the

reason for treatment discontinuation and consequent

relapse. Furthermore, approximately 30 % of patients do

not respond sufficiently to anti-psychotic medication (Rit-

sner 2010; Shergill et al. 1998). Consequently, current

pharmacological options are insufficient and it is necessary

to develop new treatment options.

Among treatment alternatives, neurofeedback has gen-

erated wide interest in the clinical domain. This method

allows learning voluntary control of momentary brain

states that otherwise would be inaccessible, making the

self-regulation of pathological states possible (Gruzelier

2013). Neurofeedback has been repeatedly shown to be

effective for recovering functions and for optimizing per-

formance. Examples of clinical applications are epilepsy

(Sterman and Egner 2006), attention deficit hyperactivity

disorders (Arns et al. 2014; Gevensleben et al. 2014;

Liechti et al. 2012) addiction (Schneider et al. 1992a) and

tinnitus (Hartmann et al. 2014), among others. Importantly,

evidence has demonstrated that neurofeedback is feasible

in schizophrenia patients (Bolea 2010; Gruzelier et al.

1999; Ruiz et al. 2011; Schneider et al. 1992a, b; Surmeli

et al. 2012), who could learn, for example, volitional reg-

ulation of brain activity that leads to changes in the per-

ception of emotions and modulates brain network

connectivity (Ruiz et al. 2011).

We can envisage several neurofeedback-target-states

based on the replicable functional differences of patients

compared to healthy controls. Amidst them we can include

the abnormal evoked brain activity to auditory stimuli like

the longer latencies in mismatch negativity and P300

(Shutara et al. 1996) and the diminished N100 in

schizophrenia patients (Saletu et al. 1971), activity cir-

cumscribed to brain areas known to be part of a dysfunc-

tional network, like the anterior insula, or the aberrant

electrophysiological activity at rest that is reflected in EEG

(Boutros et al. 2008).

Schizophrenia has often been discussed as a discon-

nection syndrome (Andreasen et al. 1998), in which deficits

in access, engagement and disengagement of large-scale

networks play a prominent role (Menon 2011). Functional

magnetic resonance imaging (fMRI) studies in patients

have shown that functional resting-state networks show

less connectivity in the executive control and dorsal

attention networks, suggesting that functional specializa-

tion is altered (Woodward et al. 2011). Also, the default

mode and central executive networks have spatially shifted

connectivity and abnormal signal amplitudes (Littow et al.

2015). Interestingly, research on EEG signatures of sub-

second transient network activity has consistently shown as

well that particular subtypes of networks appear to be less

stable in schizophrenia. These transient networks are

observed as so called microstates, i.e. sub-second time

epochs in the EEG, in which the electrical field topog-

raphy is quasi-stable (Lehmann 1987). Each microstate is

assumed to reflect a different transiently stable dis-

tributed neuronal network corresponding to different

brain functions (Koenig et al. 1998, 1999; Lehmann

et al. 1998). Britz and colleagues, in a combined EEG-

fMRI study, showed that the fMRI correlates of EEG

microstates coincide with some of the well-known large-

scale functional networks identified with fMRI (Britz

et al. 2010).

In several independent samples of patients with

schizophrenia, a microstate class labelled ‘‘D’’ was found

to be consistently shortened compared to healthy controls

(Kikuchi et al. 2007; Koenig et al. 1999; Lehmann et al.

2005; Strelets et al. 2003) and this shortening was corre-

lated with the presence of positive psychotic symptoms

(Koenig et al. 1999). A later study by Kindler et al. (2011)

showed that the shortening of microstate D was linked to

the acute presence of auditory verbal hallucinations. Fur-

thermore, in a study with neuroleptic-naı̈ve schizophrenia

patients, it was shown that the patients who responded to

medication increased the duration of microstate D after it

(Kikuchi et al. 2007) and the decrease in psychotic

symptoms after treatment correlated with the increase of

duration of microstate D. Additionally, adolescents with

the 22q11.2 deletion syndrome, a strong risk factor for

schizophrenia, showed the same abnormality, namely a

reduction of microstate D among other differences com-

pared with controls (Tomescu et al. 2014). It is therefore

reasonable to assume that an intervention affecting

microstate D will also affect psychopathology (Tomescu

et al. 2014).

The aim of the present feasibility study was to test

whether it is possible to influence microstate D by means of

EEG neurofeedback. To our knowledge, this is the first

study that attempts to modify microstates. Therefore, we

decided to test this possibility in a healthy population

before undertaking the same protocol in a population of

individuals suffering from schizophrenia. With this objec-

tive, we developed a neurofeedback protocol in which the

presence of microstate D was fed back moment-to-moment

to the participants who were instructed to increase the

percentage of time spent producing it (microstate D con-

tribution). Given the exploratory nature of this study, we

also aimed at evaluating all types of learning derived from

the neurofeedback training protocol (hence the evaluation

of ‘success’). This includes learning effects within and

across-sessions and between and within-subjects. Further-

more, we wanted to elucidate the unspecific and specific

effects of neurofeedback training as well as the impact of

each training condition by means of mixed-effects mod-

elling statistics.
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Materials and Methods

Participants

A total of 20 healthy subjects participated in the study (ten

males and ten females, mean age = 24.8 ± 3.61 years).

They were recruited through advertisements (billboards

within the University of Bern) or directly via the

researchers involved in the experiment. They received

monetary compensation for participation (425 CHF at the

end of the study, plus an additional reward was given to the

participant who showed the highest learning during the

neurofeedback training, of a value of 500 CHF). Partici-

pants completed a health-related questionnaire in order to

screen out subjects with a history of psychiatric or neuro-

logical disorders, misuse of drugs or alcohol, psychoactive

medication or ongoing pregnancy. No volunteers were

excluded. Based on the assessment with the Handedness

questionnaire (Oldfield 1971), 15 participants were right-

handed, 3 were left-handed and 2 were ambidextrous. All

participants gave written informed consent, and all proce-

dures were in accordance with the declaration of Helsinki

and approved by the local ethics committee.

Design and Experimental Procedure

The design of the study is shown in Fig. 1a. It included a

(1) pre-session, (2) ten double neurofeedback training

sessions and a (3) follow-up neurofeedback training ses-

sion. In the pre-session (1), subjects received all the

information regarding study participation and signed the

informed consent. Then, they chose among two options of

sound (one was a simple piano melody, and the other was a

simple forest sound with birds, both with similar amplitude

and volume) which one they preferred as a neurofeedback

signal followed by the completion of questionnaires (see

‘‘Questionnaires’’ section below). Finally, two technical

EEGs were recorded, first a resting-state EEG with eyes

closed (4 min) and open (4 min) and second an EEG with

voluntary eye movements. The neurofeedback training (2)

was performed in the following ten visits to the lab. Each

visit included two consecutive training sessions. After

completing the questionnaires relevant to assess the par-

ticipant’s momentary physiological and psychological state

(see ‘‘Questionnaires’’ section below), the first session

lasting about 30 min took place. Before starting the second

session, participants had a brief pause and completed

questionnaires again. The double training sessions took

place on two non-consecutive days per week, at approxi-

mately the same time during the day. At the beginning of

each visit, participants received a graphical description

about their performance in the previous training sessions.

The follow-up (3) was scheduled 6 months after the last

training session and consisted of a single neurofeedback

training session preceded by the usual questionnaires at

approximately the same time during the day than the pre-

vious training sessions.

EEG Recording and Feature Extraction

During the experiment, participants sat in an electrically

shielded and sound-attenuated Faraday cage. EEG signals

were recorded from 32 active electrodes (layout based on

the extended 10–10 system) using the ActiCAP system

(Brain Products GmbH, Germany). Reference and ground

electrodes were placed at FCz and AFz, respectively.

(a)

(b)

Fig. 1 Experimental design and neurofeeback protocol. a Experimen-

tal design of the study, executed in 12 different visits to the

laboratory. The pre-session was composed of a resting state EEG with

2 min eyes closed, 2 min eyes open, 2 min eyes closed and 2 min

eyes open. Additionally voluntary eye movements were recorded. The

neurofeedback training took place in lab-visits 2–11. Each day two

consecutive neurofeedback trainings were performed. The follow-up

took place 6 months after the last training session and included one

neurofeedback training session. b Neurofeedback training protocol.

Each session began with a long baseline trial (three min in silence and

three min with the feedback sound) in which subjects were required to

stay quiet with their eyes closed. They were instructed to let their

thoughts flow and passively and effortless pay attention to the sound.

This trial was used to calculate the contribution of microstate D and

set the individual threshold for delivering feedback. During the

training trials, the feedback sound was contingent upon microstate D

contribution exceeding the individual threshold. And, if this percent-

age was lower than in the baseline, a white noise sound was played.

Subjects were given the following instruction: ‘your task is to make

the sound appear and when you hear it you have to keep it and

increase its volume’. During the transfer trials subjects were

instructed: ‘now make the sound’. They were required to perform

as during the training trials, although no feedback sound was

delivered. Eyes were closed during the whole training
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Impedances were kept below 25 kX. Signal recordings

were amplified by a BrainAmp 32-Channel amplifier

(BrainAmp, Brain Products GmbH, Munich) at a sampling

rate of 250 Hz, band pass-filtered between 0.3 and 70 Hz.

The feature extraction during the neurofeedback sessions

was based on individual microstate topographies and on

individual spatial filters designed to minimize the effect of

eye-movements, both extracted from the pre-session EEG,

as follows: for each subject four microstate topographies

were identified in the eyes closed EEG of the pre-session,

following the procedure of Koenig et al. (2002). To iden-

tify the individual microstate D topography, a Matlab

(R2012a the MathWorks) permutation algorithm assigned

these four microstate maps to the four microstate classes A,

B, C and D shown in the literature (Koenig et al. 2002). To

obtain a spatial filter to suppress eventual eye-movement

artifacts, the EEG with voluntary eye-movements was

submitted to an ICA, and the components showing the

spatial distributions and temporal dynamics typical for eye-

movements were used to construct the individual filter to

suppress these artifacts (Delorme et al. 2007).

The online computation of microstate D contribution

was implemented using the build-in and in-house devel-

oped plug-ins for RecView (Brain Products GmbH,

Munich). The raw EEG data was online filtered from 2 to

20 Hz (24 db/oct) and notch filtered (50 Hz). Eventual eye

movements where corrected by means of the individual

spatial filter and the EEG was recomputed to average ref-

erence. In the next step, each moment of the EEG was

assigned to one of the four individual microstate classes

(Koenig et al. 2002) and the contribution (percent time

spent in) of the individual microstate D topography was

computed. See Fig. 2 for details.

Neurofeedback Training Protocol

The neurofeedback training protocol of each session is

shown in Fig. 1b. Each training session was composed of

(1) baseline, (2) training and (3) transfer trials. Each ses-

sion began with (1) a long baseline trial (3 min in silence

and 3 min with the feedback sound chosen by the partici-

pant) in which subjects were required to stay quiet with

their eyes closed. They were instructed to let their thoughts

flow and passively and effortless pay attention to the sound.

This whole trial (6 min) was used to calculate the contri-

bution of microstate D, namely the percentage of time in

which microstate D was present. Then, the individual

threshold for delivering feedback was set as the percentage

of time producing microstate D necessary in order to

receive feedback during 50 % of the trial duration. During

(2) the training trials, the feedback sound was contingent

upon microstate D contribution exceeding the individual

threshold. Also, if this percentage was lower than in the

baseline, a white noise sound was played. Subjects were

given the following instruction: ‘Your task is to produce

the sound and when it appears, try to increase its volume’.

Auditory feedback was computed based on the contribution

of microstate D in the recent past (half-time of the influ-

ence on feedback was 1 s, see Fig. 2). The minimal

increase from baseline necessary to start the feedback

sound was 2 %, and with a 20 % increase the feedback

sound had had reached its maximal volume. The volume of

the feedback sound was updated each 20 ms. During (3)

the transfer trials, subjects were instructed: ‘Now, produce

the sound’. They were required to perform as during the

training trials, although no feedback sound was delivered.

Eyes were closed during the whole training. As depicted in

Fig. 1b, we classified each training session in four blocks.

Each block was the combination of the consecutive trial

conditions. Block 1: long baseline and training 1, Block 2:

baseline 2 and training 2, Block 3: baseline 3, training 3,

Block 4: baseline 4 and training 4. For each trial, micro-

state D contribution was retained for later analysis.

Questionnaires

Participants filled out several questionnaires before the

first neurofeedback training session: a Handedness ques-

tionnaire (Oldfield 1971), the body awareness question-

naire (Shields et al. 1989), the five-factor personality

inventory (Borkenau and Ostendorf 1993), the Life Sat-

isfaction Questionnaire (Fahrenberg et al. 2000), the Brief

Symptom inventory (Derogatis and Melisaratos 1983), the

Incongruence Questionnaire (Holtforth and Grawe 2003),

the Multiple Choice vocabulary test MWT-B (Lehrl et al.

1995) and the State Trait Anxiety Inventory; trait version

(Spielberger 2010). Additionally, every time they came to

the lab they completed a questionnaire about their phys-

iological state (sleep, tiredness, coffee and alcohol con-

sumption), the State Trait Anxiety Inventory; state version

and the Positive and Negative Affective Scale (PANAS,

Watson et al. 1988). This last questionnaire was given at

the beginning of each training session. Most of these data

were collected for analyses outside the scope of this study

and are thus not further reported here with the exception

of the effect of PANAS on the first baseline of each

session, which is reported in ‘‘Effect of Affective State on

Microstate D Neurofeedback Training and Side Effects’’

in the results section). Finally, they were given a neuro-

feedback safety register (developed in the lab) to report

any side effects that they might have related to the neu-

rofeedback training (see the ‘‘Effect of Affective State on

Microstate D Neurofeedback Training and Side Effects’’

results section).
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Statistical Analysis of Response to Neurofeedback

Training Across- and Within-Sessions

The statistical analysis quantified the responses to micro-

state-neurofeedback training across-sessions and within-

sessions, and on a group level (between-subjects) as well as

on the individual subjects (within-subjects). For across and

within-sessions response to neurofeedback we assessed (1)

unspecific effects of training, namely the contribution of

microstate D during baseline within and across-sessions,

and (2) the specific effects of the active conditions (training

and transfer) in microstate D contribution. We further

subdivided specific effects into two categories: aptitude

and learning. Aptitude was defined as the constant differ-

ence of microstate D contribution between an active con-

dition (training and transfer) and baseline; therefore we had

training-aptitude (constant difference between training and

baseline, independent of time) and transfer-aptitude (con-

stant difference between transfer and baseline, independent

of time). Learning was defined as the interaction between

condition (training and transfer vs. baseline) and session in

microstate D contribution (i.e. increasing the percentage of

time spent producing microstate D in training trials across

several sessions in relation to baseline). This classification

yielded the categories learning-training and learning-

transfer. See Fig. 3a and the glossary for a description.

To statistically evaluate these indices of response to

neurofeedback, we employed regression models. For the

analyses, microstate D contribution was thus accounted for

by a constant, by a time factor (i.e. session or block), by

condition (baseline, training and transfer) and by the inter-

action of these two factors. For the between-subjects anal-

yses, some of these factors where considered as random

variables (mixed effects modelling). The covariance struc-

ture used in the model was unconstrained and allowed the

random intercepts and slopes to be correlated. For the single

subject analyses, the same models were used, but assuming

all factors to be constant (fixed effects modelling). To verify

the consistency of our results, we also performed a median-

split on the second vs the first half of the sessions (as in Ros

et al. 2009 for neurofeeback studies) and repeated measures

ANOVA for the within-sessions analysis.

Previous research has shown that neuroplastic changes

may produce carryover effects from the training of one

session to the baseline of the following session (Cho et al.

2008). This hypothesis was tested using a mixed model

with a random intercept per subject that quantified the

amount of baseline microstate class D contribution

Fig. 2 Online analysis

processing steps
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explained by the level obtained in the last training block of

the preceding session.

Statistical analyses were performed in R (R Core Team

2014) with the package lme4 for mixed effects models

(Bates et al. 2014).

Follow-up Evaluation

To evaluate to which degree subjects had retained the

acquired skills, we identified the training session that was

most similar to (i.e. had the smallest difference from) the

follow-up session per subject. We computed the linear

regressors corresponding to the training trials of each ses-

sion (1–20) and also the regressor corresponding to the

training trials of the follow-up session. Similarity of a

training session with the follow-up session was defined by

the smallest difference between the slope of the follow-up

and the slope of each session.

Effect of Affective State on Microstate D

Neurofeedback Training

We evaluated if the affective state of the participant right

before each neurofeedback training session (measured with

PANAS) had any influence on the microstate D contribu-

tion at the beginning of the session (long baseline mea-

surement). We modelled the effect of positive and

negative affective state on microstate D in the first baseline

(long baseline) of each session by means of linear mixed

effects modelling.

Effect of Sound in Neurofeedback Training

Response

To disambiguate between sensory-induced (extrinsic)

changes in the EEG, namely the effect that the sound used

as feedback signal might have had in microstate D

Fig. 3 a Response patterns. Explanation of the indices in which

response to neurofeedback was evaluated. In the example only

training and baseline curves are depicted. Effect of session, reflects

the unspecific effect of time across-sessions, namely increasing the

session number. Learning, reflects the increase (or decrease) of

microstate D contribution in training trials in relation to baseline,

across time (session or block). Aptitude, reflects the constant

difference between training and baseline independent of time. Effect

of block, reflects the unspecific effect of time within-session, namely

increasing blocks. b Distribution of participants in each of the

response patterns evaluated. Different color bars represent the

direction and significance of the results
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contribution, and intrinsic (volitional) changes (due to

training) we performed an extra analysis.

The rationale we followed was that if the sound was the

cause of the increase in microstate D contribution during

training trials, this effect should be independent of time and

therefore could be equated to aptitude. To assess if this

hypothesis was correct, first, we evaluated the effect of

sound on microstate D contribution for each participant in

the first session’s long baseline (6 min). In this trial par-

ticipants had no experience with the feedback training;

therefore this was a neutral trial appropriate to conduct this

analysis. We used two minutes of silent baseline (from 0.5

to 2.5 min) and 2 min with sound baseline (from 3.5 to

5.5 min) and computed microstate D contribution for each

of these two segments per subject. If the above mentioned

hypothesis was true, then the difference of contribution

during silence and sound baseline should be correlated to

the aptitude value for each subject. We thus subtracted

microstate D contribution during silence to the contribution

during sound and correlated this difference with the apti-

tude for each subject.

Alpha Power and Microstate D Training

Correlation

It has been previously shown that the attentional network

found in fMRI, localized in fronto-parietal cortical areas

(Laufs et al. 2003a, b), was inversely correlated with alpha

power activity in the EEG.

As microstate D is it suggested to be an electrophysio-

logical correlate of the attentional network (Britz et al.

2010) we investigated whether a modulation in microstate

D contribution had a correspondence in alpha power

activity. To this end we calculated an FFT for each of the

training trials for each subject and session, and pooled

power (8–12 Hz) from O1 and O2. Then we correlated

these values with the corresponding microstate D contri-

bution over trials, for each subject separately (due to

technical reasons this analysis was performed in 19 out of

the 20 participants).

Results

Microstate Topographies and Parameters

The mean maps are shown in Fig. 4. Microstate classes A

and B had diagonal axis orientations of the mapped field,

microstate class C had an anterior–posterior orientation and

microstate class D had a fronto-central extreme location.

These configurations matched the literature on the topog-

raphy of resting-state microstates. The four microstate

classes accounted for a mean of 71.5 % of the data

variance in our sample (based on squared correlation

coefficients across all electrodes and comparing all EEG

topographies with its best-fitting microstate map). Figure 4

shows the contribution (percentage of time occupied by

each microstate class), the occurrence (mean number of

times that each microstate occurred per second) and the

mean duration per occurrence of each microstate class.

Response to Neurofeedback Training; Between-

Subjects Analysis

The most complete linear mixed effect model that yielded

stable estimates contained, apart from the pre-defined fixed

effects, random effects of subject for the constant, and for

the time factor (i.e. session or block).

As shown in Table 1a, across-sessions analysis showed

highly significant effects for training-learning (b = 0.07,

p\ 0.001), training-aptitude (b = 0.54, p\ 0.05) and

transfer-learning (b = 0.11, p\ 0.001). The mean per-

centage of increased time spent producing microstate D

across all training sessions was 0.42 % during baseline

trials, 1.93 % during training trials and 1.83 % during

transfer trials (see Table 2a). Given that the mixed effect

model gives an intercept (the constant) for microstate D of

27.06 %, and having the absolute increase in microstate D

per condition, we also computed the relative increase per

condition. In baseline the relative increase was 1.55 %, in

training 7.13 % and in transfer 6.77 %. Figure 5a depicts

the evolution of each of the training conditions (baseline,

training and transfer) averaged across subjects. Participants

performed better in the second part of the training (sessions

11–20) than in the first part (sessions 1–10). These results

were corroborated by the median-split analysis on the

second vs the first half of the sessions for the following

Fig. 4 Microstate topographies validation. Mean topographies of the

extracted microstate templates across the studied sample of partic-

ipants. Microstate classes A and B had diagonal axis orientations of

the mapped field, microstate class C had an anterior–posterior

orientation and microstate class D had a fronto-central extreme

location. Contribution percentage of time occupied by each micro-

state class. Occurrence mean number of times that each microstate

occurred per second. Duration mean duration in milliseconds per

occurrence of each microstate class. All information was according to

the microstate characteristics found in the literature
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conditions: long baseline, training and transfer. We com-

puted t-tests between the halves of each condition. There

was no significant difference regarding the long baseline

(t = 1.09, p = 0.28), but a significant increase in the sec-

ond half for training (t = 4.17, p = 3.20e-5) and transfer

(t = 2.55, p = 0.01).

The mixed effect model testing for the carryover effect

from the last training of one session to the long baseline

period of the next session yielded a significant positive

relation (b = 0.19, p\ 0.001). Across subjects, the mean

correlation coefficient between these values was 0.147.

Within-sessions analysis effects were significant: base-

line carryover (b = 0.41, p = 0.01), training-learning

(b = -0.49, p\ 0.001) and training-aptitude (b = 2.51,

p\ 0.001) (Table 1a). The mean percentage of increased

time spent producingmicrostate D across blocks was 0.53 %

in training trials and 1.65 % in baseline trials (Table 2a).

Given an intercept of 26.23 % and the aforementioned per-

centage increases inmicrostateD contribution,we computed

the relative increase in these two conditions: 6.29 % in

baseline and 2.02 % in training. Figure 5b depicts the mean

evolution of microstate D contribution within session.

Table 1 Response to microstate neurofeedback training. (a) Between-subject results assessed with linear mixed effect modelling. (b) Within-

subject results assessed with linear fixed effect modelling

(a) Response to microstate neurofeedback training between-subjects

Across-session effects Within-session effects

Baseline Training Transfer Baseline Training

Carryover Aptitude Learning Aptitude Learning Carryover Aptitude Learning

Estimate 0.02

(SE = 0.05)

0.54
(SE = 0.24)

0.07
(SE = 0.02)

-0.27

(SE = 0.38)

0.11
(SE = 0.03)

0.41
(SE = 0.15)

2.51
(SE = 0.29)

-0.49
(SE = 0.11)

t value 0.46 2.25 3.44 -0.71 3.3 2.68 8.43 -4.55

p value 0.65 0.02** <0.001**** 0.48 <0.001**** 0.01** <0.001**** <0.001****

(b) Response to microstate neurofeedback training within-subjects

Across-session effects Within-session effects

Baseline Training Transfer Baseline Training

Subj Carryover Aptitude Learning Aptitude Learning Carryover Aptitude Learning

1 -0.293**** -6.045**** 0.37**** -5.003*** 0.279* 1.021*** 1.663 -1.527***

2 -0.15**** 1.759** 0.031 0.119 \-0.001 0.187 3.437**** -0.54

3 -0.12* -1.065 0.163* -3.582** 0.327** 0.734** 1.99* -0.539

4 -0.465**** -0.038 0.288** 2.01 0.129 0.002 3.436* -0.179

5 -0.26*** 1.372 0.253* -3.203 0.355* -0.593 2.338 0.677

6 0.311**** 1.4 -0.008 1.298 0.057 1.077* 2.837 -0.61

7 0.602**** -0.929 0.101 1.771 0.082 3.439**** 6.181* -2.421*

8 0.098 1.625 0.161 2.247 0.152 0.714* 3.406* -0.037

9 0.137** 1.185 -0.172** 0.048 -0.06 0.691** 2.186* -1.122***

10 0.034 0.636 0.026 -0.758 0.087 -0.224 0.287 0.247

11 -0.055 -1.727 0.089 0.148 -0.189 -0.289 1.096 -0.756

12 -0.035 0.235 0.06 0.164 -0.021 -0.289 -0.15 0.406

13 0.042 0.285 -0.049 -0.312 0.009 0.405* 0.613 -0.336

14 0.102 2.632** -0.074 0.896 0.019 0.392 3.262** -0.564

15 0.139* 2.027 0.043 -1.37 0.067 0.035 5.552**** -1.228*

16 0.089 4.568**** -0.098 2.993* 0.035 0.649** 5.142**** -0.642

17 0.073 -1.851* 0.015 0.384 0.026 0.453 -2.03* 0.134

18 0.055 3.926**** -0.274*** -0.875 0.051 -0.871*** 0.533 0.206

19 0.006 0.447 0.15 -2.325 0.407** 0.943** 5.077**** -1.22**

20 0.111* 0.403 0.314**** -0.066 0.294** -0.244 3.253** 0.178

Signif. codes: ****\0.0001, *** 0.001, ** 0.01, * 0.05
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Figure 5b suggests that, within-sessions, the values

during training changed only little, whereas there was a

entraining of the baseline values, which became higher

after each training block. Thus, the data suggests that only

the first baseline before the training was a reliable reference

for within session learning. This is on one side accounted

for by significant effect of the the training-aptitude effect of

the model, which is in reference to the estimated baseline

Fig. 5 Between-subjects average response to neurofeedback training. a Across-sessions analysis. Displays microstate D contribution averaged

per session and condition. b Within-sessions analysis. Depicts microstate D contribution per block and condition

Table 2 Percentage of time

increased at the end of

microstate neurofeedback

training. (a) Between-subjects

results. (b) Within-subjects

result

(a) Percentage of time increased spent producing microstate D between–subjects

Across-sessions Within-session

Baseline Training Transfer Baseline Training

(n = 20) 0.42 % 1.93 % 1.83 % 1.65 % 0.53 %

b) Percentage of time increased spent producing microstate D within-subjects

Across-sessions Within-session

Subj Baseline Training Transfer Baseline Training

1 -5.86 1.36 0.57 4.08 -4.45

2 -3.01 2.39 0.11 0.75 1.28

3 -2.40 2.19 2.97 2.93 -0.17

4 -9.31 5.72 4.59 0.01 2.72

5 -5.19 6.44 3.89 -2.37 5.05

6 6.22 1.23 2.45 4.31 0.40

7 12.05 1.09 3.41 13.76 -3.50

8 1.95 4.84 5.28 2.86 3.26

9 2.74 -2.25 -1.15 2.77 -2.30

10 0.69 1.15 0.97 -0.90 1.28

11 -1.10 0.05 -3.64 -1.16 -1.93

12 -0.71 1.44 -0.26 -1.16 1.47

13 0.84 -0.69 -0.13 1.62 -0.73

14 2.03 1.15 1.29 1.57 1.01

15 2.79 2.90 -0.02 0.14 0.64

16 1.79 2.60 3.69 2.60 2.57

17 1.47 -1.55 0.91 1.81 -1.50

18 1.10 -1.56 0.15 -3.48 1.36

19 0.13 3.46 5.81 3.77 0.20

20 2.22 6.68 5.82 -0.98 3.97
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before training. To further corrobate this, we subtracted the

long, pre-training baseline from all training values, and

computed a linear mixed model. This model yielded, as

expected, a significant offset of the training-long baseline

values from zero (b = 2.60, p = 2.32e-05), but no effect

of training block (p[ 0.5).

Response to Neurofeedback Training; Within-

Subject Analysis

Results of the statistical models for across and within-

sessions effects, for each participant, are shown in

Table 1b. Figure 3b illustrates how many subjects had

significant (and non-significant) results for each of the

indices evaluated. The majority of participants had signif-

icant effects in at least one of the indices modelled.

Follow-up

For five subjects the closest session to the follow-up ses-

sion was training session 5, for one session 6, for two

session 7, for another two session 9, for one session 10, for

two session 16, for one session 18 and for six subjects it

was session 20. A v2 test confirmed that this distribution

was significantly different from the null-hypothesis

(v2 = 56, df = 19, p\ 0.001).

Effect of Affective State on Microstate D

Neurofeedback Training and Side Effects

The model used to assess the effect of affective state on

microstate D included an intercept, a fixed effect for

positive affect, a fixed effect for negative affect and a

random intercept for subject and a random slope for the

interaction between session and subject. We modelled the

increase or decrease in microstate D in the first baseline

of the session with positive and negative affect. No effect

was significant (positive affect b = -0.05, std = 0.04,

t = -1.40, p = 0.16, negative affect: b = -0.11,

std = 0.07, t = -1.65, p = 0.09). The neurofeedback

safety register reported no side effects for all subjects and

all sessions.

Effect of Sound in Neurofeedback Training

Response

For the first long baseline of each subject we subtracted

microstate D contribution during silence to the contribution

during sound and correlated the value with the aptitude for

each subject. The result was not significant (r = -0.05,

p = 0.88). We thus argue that the effect that sound might

have had on microstate D contribution is unlikely to

explain the training effects.

Alpha Power and Microstate D Training

Correlation

Table 3 shows the correlations between alpha power and

microstate D contribution per each subject across all

training sessions and conditions. For the majority of the

participants there was a strong and significant negative

correlation between alpha power and microstate D

contribution.

Discussion

We developed an EEG-neurofeedback protocol to train, for

the first time, EEG resting state microstates. We demon-

strated that healthy participants were able to increase the

percentage of time spent producing microstate D (contri-

bution) by means of auditory feedback. Britz et al. (2010)

showed that microstate D is an electrophysiological cor-

relate of the central executive resting state network, which

has been shown to be involved in reflexive aspects of

attention (i.e. detect behaviorally relevant stimuli), its

reorientation (Corbetta and Shulman 2002) as well as in

decision making and working-memory. The stability of the

central executive network is assumingly reflected in the

stability of microstate D. Therefore, by influencing the

presence of this microstate we are directly targeting the

stability of the executive network. In patients with

schizophrenia, there is converging evidence that microstate

D, and functions assumingly associated with it, are

Table 3 Correlation between

alpha power (8–12 Hz, O1–O2)

and microstate D contribution

per each subject

subject rho p value

1 0.23 0.08

2 -0.68 \0.01

3 0.19 0.15

4 -0.13 0.32

5 -0.85 \0.01

6 -0.85 \ 0.01

7 0.59 \0.01

8 -0.68 \0.01

9 -0.10 0.47

10 -0.73 \0.01

11 0.37 \0.01

12 -0.17 0.19

13 -0.77 \0.01

14 0.50 \0.01

15 -0.61 \0.01

16 -0.56 \0.01

17 -0.29 0.03

18 -0.52 \0.01

19 -0.59 \0.01
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reduced. Consequently, the possibility of effectively

influencing microstate D may constitute a treatment option

with a potential positive effect on schizophrenia.

Different Types of ‘‘Success’’ in Neurofeedback

Whereas the majority of neurofeedback studies classically

differentiate between responders and non-responders to

training, we modelled the response to neurofeedback by

means of a series of indices for specific and unspecific

effects of training, within and between-subjects. This

method gave evidence that response to our training can and

should be differentiated into several categories of individ-

ual response patterns. The majority of participants showed

significant effects of training in at least one of the learning

indices modelled (Fig. 3b). For the across-sessions analysis

these indices were: unspecific effects of session (or carry-

over across-sessions), training-aptitude (i.e. constant dif-

ference between training and baseline independent of

time), training-learning (i.e. increase of percentage of time

spent producing microstate D in training trials in relation to

baseline, across time) transfer-aptitude (i.e. constant dif-

ference between transfer and baseline) and transfer-learn-

ing (i.e. increase of percentage of time spent producing

microstate D in transfer trials in relation to baseline, across

time). For within-sessions effects these indices were:

unspecific effects of block (or carryover within-session),

training-aptitude (i.e. constant difference between training

and baseline independent of block) and training-learning

(i.e. increase of percentage of time spent producing

microstate D in training trials in relation to baseline, across

blocks).

Results indicated that aptitude and learning during

training trials was positive and significant across the sam-

pled participants, whereas for transfer, only learning was

significant while aptitude was negative and non-significant.

This difference between training and transfer trials could

be due to the fact that transfer trials occurred in a situation

that was more similar to baseline (with no feedback, when

subjects are required to be at rest) than to training and that

transfer occurred only once and at the end of the neuro-

feedback session. Perhaps some subjects drifted away in

these trials from the task and were more in a resting state

than in a task state. Indeed, at the end of each session,

participants were asked about their strategies during

training and transfer and some said that it was sometimes

difficult to focus on the transfer trial for two min. Another

possible explanation for this lack of focus could be that

because transfer occurred towards the end of the session,

subjects were already tired by then. On the other hand, we

could also adventure that more sessions of neurofeedback

are needed before subjects can perform equally well in

transfer and training trials. Training-learning and transfer-

learning were significant between-subjects, showing that

besides the fact that subjects could influence microstate D

thanks to aptitude, they also benefited from the repeated

neurofeedback sessions (they performed better as the

training advanced).

Within-sessions, we observed two interesting effects. (1)

There was a carryover effect to the following baseline trial

and (2) training-aptitude was positive and significant while

training-learning was negative and significant. (1) The

carryover effect raises the question whether the baselines

interspersed with the training trials were a valid measure of

baseline or, what seems more plausible; these baselines

include a post-effect of the preceding trial produced by a

mechanism of Hebbian plasticity (Knoblauch et al. 2012).

As we found this effect in the majority of subjects, we

reason that two minutes of baseline following two min of

training are too short to stop the processes (consciously or

unconsciously) employed during training and go back to a

real baseline state. Two possible consequences emerge

here. First, it may be that only longer baselines allow

participants to go back to an original resting state. This

would imply that the measures of baseline taking place

immediately after a training trial are not a valid measure of

baseline and should not be considered as such. Second,

given that the goal of neurofeedback training in many sit-

uations is to modify the tonic EEG in the direction of

training, we may consider this within-session carryover

together with the across-session carryover as a desired

effect of training and hence as success. (2) We also point to

the fact that training-aptitude and training-learning were

both significant albeit in opposite directions. This showed

that it was not possible to increase microstate D contribu-

tion while the session progressed, and as consequence, the

difference between microstate D levels at baseline and

training trials became smaller with time. Nevertheless, as

training-aptitude was positive there was a constant differ-

ence between the two conditions (baseline and training).

We would think then, that more blocks would maybe

represent no extra-benefit for the training, as the biggest

increase from baseline to training takes place in the first

block. On the other side, it is also possible that all this

extra-training across blocks was the cause of the carryover

across-sessions, affecting the tonic EEG and therefore

accomplishing one of the goals of the neurofeedback

training, namely increase percentage of time spent pro-

ducing microstate D.

Overall, within-session results indicate that there does

not seem to be possible to increase microstate D contri-

bution beyond a certain level during the training session.

Nevertheless across-session results show that neurofeed-

back training produced a carryover effect to the next ses-

sion. This pattern of response to neurofeedback, in which

the target feature does not increase (decrease) dramatically
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within-sessions but increases (decreases) across-sessions,

has already been found for other EEG features like alpha

power. The studies from Cho et al. (2008) and Ros et al.

(2013) targeted (differently) alpha neurofeedback and

found that amplitude at the end of a neurofeedback session

positively correlated with the following session’s rest-

ing state (Cho et al. 2008) and immediate post-session

resting state (Ros et al. 2013). This response pattern has

been attributed to a basic mechanism of Hebbian plasticity

very elegantly illustrated in a recent publication by Ros

et al. (2014). The fact that our study, targeting a complete

different EEG feature, parallels the same pattern of

response to training adds more evidence to Hebbian plas-

ticity as the explanatory mechanism. This same mechanism

would be responsible of the carryover effects observed

within sessions.

Understanding Response to Neurofeedback Training

To understand how subjects respond to neurofeedback

training, we consider important to report all the indices in

which this response can be modelled as described in this

manuscript. Future studies would benefit from this infor-

mation, for example, in the design phase of the study (e.g.

by adding more or less trials). It would also be advanta-

geous for the use of neurofeedback as a patient’s treatment

because it could allow tailoring the treatment to each

patient based on the pattern of response (e.g. in the case of

a patient showing a small training-aptitude but a positive

progressive training-learning, it would be convenient to

add large amount of sessions).

We modelled the response to the follow-up and assessed

which was the training session in which the response to

each type of trial was more similar. Overall we could

divide our subjects in two groups regarding this measure;

one group that responded to the follow-up as in the first

part of the training (sessions 5–10) and another group that

responded as in the last part of the training (sessions

11–20). None of the subjects displayed a pattern as in the

very first session, indicating that all of them learned across-

sessions and the learning remained more or less the same

6 months after the last training session. Also, subjects who

responded best to neurofeedback during training sessions

had also follow-up sessions closer to the last training

sessions.

Patients with schizophrenia show less percentage of

time covered by microstate D compared to healthy indi-

viduals. The differences range from: 4 % less time (Strelets

et al. 2003) to 8.7 % in patients (Koenig et al. 1999).

Microstate neurofeedback training produced on average an

increase of 1.93 % more time spent producing microstate D

during training trials. Even though this increase of time

spent producing microstate D seems small, within-subject

analysis showed that some of the participants were able to

increase up to 6.68 % during training trials. Considering

that the trained participants were healthy individuals and

that their levels of microstate D were normal, it may not

have been possible to produce larger changes in percentage

of time covered by microstate D due to a potential ceiling

effect. It is reasonable to speculate that patients suffering

from schizophrenia would be able to increase microstate D

more because their natural levels are lower than the ones of

the healthy participants of the present study. Alternatively,

however, the shortening of microstate D may reflect a core

impairment of these patients, so up-regulating may be a

particularly challenging task for them, and possibly require

extended training.

It remains to be seen if patients undergoing this

microstate neurofeedback training will increase the per-

centage of time covered by microstate D and if positive

psychotic symptoms will be reduced accordingly. We think

that there are good reasons to assume this, as there is

already evidence that when subjects respond to pharma-

cological treatment their microstate D duration becomes

longer (Kikuchi et al. 2007).

To our knowledge, this is the first neurofeedback study

that attempted to target resting state microstates. There are

some differences between this EEG feature (microstates)

and the spectral features classically trained. First, micro-

states and spectral power are measured at different time

scales. Resting state microstates last \100 ms, while

spectral power is measured over seconds. Second, micro-

states represent the coordination of activity across regions;

therefore the training of microstates reflects the training of

neuronal networks. This approach represents a type of

connectivity training (Mottaz et al. 2014). As schizophre-

nia is considered a disconnection syndrome, it is reasonable

to assume that a training that targets the synchronous

activity among areas might be helpful in the treatment of

this condition. This study showed that this type of con-

nectivity training is feasible with EEG, being cost-efficient

and relatively easy to use as compared to other techniques

like fMRI. These advantages would make this protocol a

widely available treatment.

Alpha Power and Microstate D Neurofeedback

Training

The strong negative correlation between alpha power and

microstate D contribution suggests that a modulation of

alpha power goes along with microstate D contribution

training. This result seems in opposition to a previous paper

indicating only weak correlations between alpha power and

microstates (Koenig et al. 2002). However, in this study,

the statistics were conducted across subjects and not

within-subjects. If there were substantial individual
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baseline differences in alpha power that were unrelated to

the attentional network, between subject designs may not

be sensitive to the effect shown in our study. But also in a

more recent paper, Britz et al. (2010) showed correlations

between EEG power and microstates to be low also in a

within-subject analysis. Contrary to our study, their sub-

jects were only at rest, whereas our study is likely to have

actively challenged the attentional system. In addition, by

directly using the spatial correlation of the microstate

topographies with the momentary EEG maps, their

methodology used to quantify microstates was less elabo-

rated than the procedure employed here.

On the other side, Laufs et al. (2003a, b) found the

attentional network to be inversely correlated to alpha

power. Given that we were aiming at enhancing a micro-

state assumingly related to attentional processes, the

observed correlation between microstate D and alpha

power is thus confirmatory evidence that our neurofeed-

back training was to some degree specific for that network.

On the other side, this might explain why we did not find a

significant effect of aptitude in the transfer trials, where no

stimulus could be attended.

Limitations

There are several limitations related to our study. First, the

sample size of 20 subjects might not have been large

enough to elucidate patterns of response to neurofeedback

more clearly (considering all the possible combinations

that are possible when assessing response to neurofeedback

with the explained indices). Second, as this was a feasi-

bility study we did not run any control group. Each subject

was its own control comparing pre and post measures,

although we could not control for unspecific effects of

neurofeedback. We suggest that other studies could use a

control group with for example a protocol targeting another

microstate or placebo. Nevertheless, there are several

opinions regarding the topic of control conditions in neu-

rofeedback studies and maybe a placebo group would not

be the best option as discussed in Gruzelier (2014).

Conclusion

We trained healthy subjects to increase the percentage of

time spent producing resting state microstate D by means

of EEG neurofeedback. The results show that this training

was feasible and therefore, it would be reasonable to

implement the same protocol in a population of subjects

suffering from schizophrenia. The ultimate aim of this

training would be to empower patients to reduce positive

symptoms with neurofeedback as treatment tool. Benefits

of neurofeedback as treatment are that it can target con-

nectivity directly and bypasses the traditional treatment

approaches as medication (of which 1/3 of patients cannot

benefit) and cognitive treatment (neurofeedback does not

require any awareness of the targeted state to be able to

influence it).

These results are encouraging to apply the same protocol

in a patient population to test whether they can also

increase the percentage of microstate D and if this has as a

consequence the voluntary control of positive symptoms.
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