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5
Department of Psychiatry and Psychotherapy, University of Marburg, Germany
6
Ospedale San Camillo, Istituto di Ricovero e Cura a Carattere Scientiﬁco, Venezia—Lido, Italy
7
Department of Psychology, Biological Psychology, Universidad de las lslas Baleares, Spain

r

r

Abstract: Real-time functional magnetic resonance imaging (rtfMRI) is a novel technique that has
allowed subjects to achieve self-regulation of circumscribed brain regions. Despite its anticipated
therapeutic beneﬁts, there is no report on successful application of this technique in psychiatric populations. The objectives of the present study were to train schizophrenia patients to achieve volitional
control of bilateral anterior insula cortex on multiple days, and to explore the effect of learned selfregulation on face emotion recognition (an extensively studied deﬁcit in schizophrenia) and on brain
network connectivity. Nine patients with schizophrenia were trained to regulate the hemodynamic
response in bilateral anterior insula with contingent rtfMRI neurofeedback, through a 2-weeks training. At the end of the training stage, patients performed a face emotion recognition task to explore
behavioral effects of learned self-regulation. A learning effect in self-regulation was found for bilateral anterior insula, which persisted through the training. Following successful self-regulation,
patients recognized disgust faces more accurately and happy faces less accurately. Improvements in
disgust recognition were correlated with levels of self-activation of right insula. RtfMRI training led
to an increase in the number of the incoming and outgoing effective connections of the anterior
insula. This study shows for the ﬁrst time that patients with schizophrenia can learn volitional brain
regulation by rtfMRI feedback training leading to changes in the perception of emotions and modulations of the brain network connectivity. These ﬁndings open the door for further studies of rtfMRI
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A speciﬁc role of the insula in the recognition of emotional expressions has been recognized, particularly for the
recognition of disgust faces (a primitive function related to
the appraisal of distasteful or dangerous stimuli), based on
functional imaging [Phillips et al., 1997, 2004; Sambataro
et al., 2006; Wicker et al., 2003; Williams et al., 2005], lesion
studies [Adolphs et al., 2003; Calder et al., 2000], and ﬁndings in clinical populations [Hennenlotter et al., 2004;
Kipps et al., 2007]. Abnormal perception of emotional faces
is central to the psychopathology of schizophrenia [Morrison et al., 1988], is associated with poor social functioning
[Couture et al., 2006] and is known to persist over the
course of the illness [Addington and Addington, 1998;
Hooker and Park, 2002]. Several reports have stated that
this deﬁcit is more noticeable for negative emotions, and
might be specially pronounced for disgust faces [Chambon
et al., 2006; Kohler et al., 2000, 2003; Schneider et al., 2006].
Besides the fronto-limbic dysfunction suggested as the
neural basis for the deﬁcit in face emotion recognition
[Das et al., 2007; Fakra et al., 2008], a diminished activation
of anterior insula could be associated with the particular
deﬁcit to recognize expressions of disgust in schizophrenia
[Phillips et al., 1999; Williams et al., 2007].
In the current study, we applied for the ﬁrst time rtfMRI
in a psychiatric population, i.e., schizophrenia patients,
and attempted to answer crucial questions for therapeutic
applications of this technique. Our ﬁrst speciﬁc aim was to
evaluate if patients with schizophrenia can learn self-control of the BOLD signal of the anterior insula cortex by
rtfMRI neurofeedback, and to investigate if self-regulation
capability is correlated with clinical measures and symptom severity. Most rtfMRI studies have used a short period of training of 1 or 2 days, and few neurofeedback
sessions. In the present study, we used an extended protocol spanning more than 2 weeks, as we expected that
schizophrenia patients might need more sessions of training to achieve self-regulation.
Our second aim was to examine whether the enhancement of insula activity by self-regulation is accompanied
by a behavioral change related to a particular impairment
in schizophrenia. Considering the role of insula in the recognition of disgust, we hypothesized that schizophrenia
patients perform better in the recognition of disgust emotional faces following learned self-regulation of insula
cortex.
The ﬁnal aim of the study was to explore changes in the
connectivity of the brain network associated with the neurofeedback training. The majority of previous studies have
only examined single region of interest (ROI) modulations

INTRODUCTION
Since the 1960s, a variety of studies has demonstrated
that subjects can be trained by neurofeedback to gain voluntary control of different components of the electroencephalographic spectrum [Birbaumer, 2006; Birbaumer and
Cohen, 2007; Strehl et al., 2006]. In comparison, the use of
metabolic activity as a method to achieve brain self-regulation has been much more recent, becoming feasible due to
progress in real-time functional magnetic resonance imagining (rtfMRI), a noninvasive method that can be used for
online feedback of the blood oxygenation-level dependent
(BOLD) signal [Sitaram et al., 2008]. Because of its high
spatial and temporal resolution, rtfMRI has enabled subjects to achieve volitional control of the activity of circumscribed brain areas [deCharms et al., 2005; Hamilton et al.,
2011; Rota et al., 2009; Yoo et al., 2006]. Hence, rtfMRI has
arisen as a complete novel approach for cognitive neuroscience, in which the manipulation of the brain activity
can be used as an independent variable that allows the
study of subsequent behavioral modiﬁcations. However,
despite its promising achievements, and the repeated
statement of the potential therapeutic beneﬁts of its use on
psychiatric disorders [Caria et al., 2007, 2010; deCharms,
2008; Posse et al., 2003; Weiskopf et al., 2004, 2007], no
study has yet demonstrated the application of rtfMRI in
these populations.
In a recent study of our group, Caria et al. demonstrated
for the ﬁrst time that healthy individuals can acquire control of the BOLD activation in left anterior insula by
rtfMRI training, and that learned self-regulation modulates
the response to aversive stimuli [Caria et al., 2010]. The
successful self-regulation of the anterior insula is of exceptional importance due to its potential application to mental
disorders caused by dysfunction of brain networks with
critical involvement of this region [Nagai et al., 2007;
Naqvi and Bechara, 2009; Shapira et al., 2003].
Schizophrenia is a chronic, often devastating disorder in
which the hypothesis that insular dysfunction plays a central role in its psychopathology has been supported by
recent reports of insula volume reduction [Makris et al.,
2006; Meisenzahl et al., 2008; Paillere-Martinot et al., 2001;
Price et al., 2010; Saze et al., 2007; Sigmundsson et al.,
2001; Takahashi et al., 2004], perfusion abnormalities
linked to general symptomatology and cognitive dysfunctions [Crespo-Facorro et al., 2001b; Curtis et al., 1998; Farrer et al., 2004; Surguladze et al., 2001; Yoo et al., 2005],
and deﬁcits in emotional processing [Crespo-Facorro et al.,
2001a; Paradiso et al., 2003; Sanjuan et al., 2007].
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Experimental Protocol

TABLE I. Demographic and clinical characteristics of
schizophrenia patients (n 5 9)

Age, years
Duration of illnessa
Chlorpromazine equivalents
PANSS – P
PANSS – N
PANSS – G
Calgary depression scale

r

The general design of the study can be seen in Figure 1.

Mean

SD

26.3
4
951 mg
14
16.2
32.1
4.3

4.5
2.1
385
3.7
4.7
5.6
3.6

RtfMRI self-regulation training
Schizophrenia patients participated in 4 days of training,
conducted in 2 weeks (2 days per week). Every day, they
performed three scanning sessions of self-regulation training (two patients could only complete 10 training sessions
instead of 12). Each session consisted of alternating upregulation (self-regulation; n ¼ 6), and baseline blocks (n ¼ 7;
30 s each block). During upregulation blocks, patients
were asked to increase the BOLD signal in the target ROI
(left and right anterior insula), guided by contingent
rtfMRI visual feedback.
The rtfMRI-system was implemented at the Institute of
Medical Psychology and Behavioral Neurobiology, Tübingen [for a complete description of the system, see Caria
et al., 2007; Sitaram et al., 2008]. A functional localizer session was performed on each patient and each day in order
to delineate ROI1 in a block-based paradigm consisting of
four blocks in which patients had to use imagery to recall
emotionally relevant experiences, alternating with ﬁve
resting blocks (22.5 s each). The ROI1 comprised two rectangular areas (left and right anterior insula cortex)
encompassing 4  5 voxels on a single slice of 5 mm thickness. The reference ROI, namely ROI2, was selected as a
background area encompassing a slice at the location z ¼
60 (passing through upper brain structures, e.g., top part
of motor cortex and parietal areas), to cancel global effects
and to average out any unspeciﬁc activation.
For the feedback presentation during the training, the
difference between ROI1 and ROI2 time-courses was

Abbreviations: PANSS-N: PANSS negative symptoms sub-score;
PANSS-P: PANSS positive symptoms sub-score; PANSS-G:
PANSS general psychopathology sub-score.
a
Duration of illness was calculated from the ﬁrst psychotic
episode.

by rtfMRI. However, the modulation of a brain network
by voluntary control is of special interest for cognitive
neuroscience in general and schizophrenia in particularly,
in light of the growing evidence linking cognitive and
emotional processing deﬁcits and an abnormal neural
connectivity in this disease [Boksman et al., 2005;
Das et al., 2007; Fakra et al., 2008; Fletcher et al., 1999;
Honey et al., 2005; Meyer-Lindenberg, 2010; Meyer-Lindenberg et al., 2005; Witthaus et al., 2008]. We investigated
whether the rtfMRI training modiﬁes the connectivity of
insula with other areas of the emotional network involved
in self-regulation, particularly amygdala and medial prefrontal cortex [MPFC; Ochsner et al., 2004; Phan et al.,
2002], regions whose dysfunction and abnormal connectivity are considered to be central to the schizophrenia psychopathology [Das et al., 2007; Fakra et al., 2008; PomarolClotet et al., 2010].

METHODS AND MATERIALS
Participants
Nine right handed schizophrenia patients (paranoid subtype, ﬁve female, mean age: 26.3 years) were recruited,
diagnosed, and subtyped using the Structured Clinical
Interview for DSM-IV disorders [Wittchen et al., 1997]. All
patients were receiving atypical antipsychotic medication
without modiﬁcation for at least 4 weeks (more information regarding the participants can be found in Supporting
Information). The general psychopathological assessment
included the Positive and Negative Syndrome Scale
[PANSS; Kay et al., 1987] and the Calgary Depression
Scale for Schizophrenia [Addington et al., 1990; Table I].
All participants of the study were naive to neurofeedback
and fMRI experiments. After complete description of the
study to the participants, written informed consent was
obtained. The study was approved by the Ethics Committee of the Medical Faculty of the University of Tübingen.
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Figure 1.
Experimental protocol.
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Figure 2.
Posttraining face emotion recognition evaluation (Day 5). Experimental design for the evaluation
of emotional faces displaying an upregulation and a baseline (nonregulation) test. Upregulation
and baseline blocks were cued with red and blue backgrounds, respectively.
and to explore if any unpleasant affect could be present after the sessions of insula self-regulation. To further explore
any possible negative effect of the training, patients were
instructed to report any discomfort during the study, and
were actively asked about it after each scanning session.

calculated and normalized to the baseline. The feedback
signal was computed as (BOLDreg  BOLDrest)ROI1 
(BOLDreg  BOLDrest)ROI2. BOLDreg and BOLDrest constituted the BOLD signal during the current scan of upregulation, and the average BOLD signal from the previous
baseline (rest) block, respectively. Feedback was presented
to the patients during up-regulation blocks in the form of
a graphical thermometer (using a projector in the scanner),
which displayed red bars that increased or decreased in
number according to the increase or decrease of the feedback signal, as computed above. For the feedback, bars
were continually updated at intervals of 1.5 s with new
fMRI information. Patients were instructed that the recall
of emotionally relevant past experiences combined with
the feedback could enable them to control the thermometer bars. No speciﬁc emotional cues or recall strategies
were given. Baseline and upregulation blocks were cued
by blue and red colored backgrounds of the thermometer
window. During baseline blocks, thermometer bars
remained static (no feedback), and patients were instructed
to relax in order to bring back the BOLD signal to the
baseline level.
On the last day of training, every patient performed a
single ‘‘transfer’’ session, during which they were
instructed to perform self-regulation without any feedback
information, intended to test whether training effects persist in the absence of feedback.
On each day of training, at the beginning and end of the
fMRI sessions, patients answered the Positive and Negative Affect Schedule [PANAS; Watson et al., 1988], a psychometric scale developed to measure the independent
constructs of positive and negative affect. PANAS contains
a list of 10 descriptors for positive scale: attentive, interested, alert, excited, enthusiastic, inspired, proud, determined, strong, and active; and 10 descriptors for negative
scale: distressed, upset-distressed; hostile, irritable-angry;
scared, afraid-fearful; ashamed, guilty; nervous, and jittery.
In our study, the scale was used to investigate if current
state of affect correlates with the capability to self-regulate,

r

MR acquisition
Functional images were obtained on a 3.0 Tesla body
scanner, with standard 12-channels head coil (Siemens
Magnetom Tim TRIO, Siemens, Erlangen, Germany). A
standard echo-planar imaging sequence was used (EPI; TR
¼ 1.5 s, matrix size ¼ 64  64, TE ¼ 30 ms, ﬂip angle a ¼
70 ). Sixteen oblique slices (voxel size ¼ 3.3  3.3  5.0
mm3, slice gap ¼ 1 mm), AC/PC aligned in axial orientation were acquired. For superposition of functional maps
upon brain anatomy a high-resolution T1-weighted structural scan of the whole brain was collected each day of
scanning, from each participant (MPRAGE, matrix size ¼
256  256, 160 partitions, 1 mm3 isotropic voxels, TR ¼
2,300 ms, TE ¼ 3.93 ms, TI ¼ 1100 ms, a ¼ 8 ).

Posttraining face emotion recognition evaluation
After the completion of the self-regulation training, a
face emotion recognition task was performed to evaluate
the effect of the acquired insula self-regulation on the perception of emotional faces. The evaluation consisted of
eight scanning sessions, each session comprising alternating upregulation and baseline tests. Each upregulation test
consisted of an upregulation block (30 s), followed by a
picture presentation block (5 s) and a subjective rating
(evaluation) block (10 s) (see Fig. 2). During the upregulation blocks patients had to self-regulate anterior insula cortex, aided by the contingent rtfMRI visual feedback, just as
they had learned during the training. During the picture
presentation block, one happy (out of 20) or one disgust
face (out of 20) were displayed for 5 s, and patients were
instructed to select the type of emotion (among seven
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All distributions of the data set resulting from the behavioral tests, psychopathological scales, and FS were
checked for normality. Non-parametric test were used for
non-normally distributed data. All analyses were twotailed.

options: fear, anger, disgust, sad, happy, surprise, or neutral), and its emotional intensity in a scale varying from 1
(without emotion) to 9 (extremely intense). During rating
blocks participants indicated their choices: type of emotion
and emotion intensity (5 s for each choice), using MR-compatible buttons, via an adapted version of the Self Assessment Manikin [Bradley and Lang, 1994]. Each baseline test
consisted of ﬁrst a baseline block (as in the training sessions), followed by a picture presentation block and a rating block, as above. Although the main goal of the task
was to evaluate the effect of self-regulation on recognition
of disgust, we included happy faces in the paradigm to
explore results in an emotion of opposite valence. No information about the fact that only two emotions would be
displayed was given to the patients. To enable comparison
of the ratings of the pictures, the same happy and disgust
faces were presented during upregulation and baseline
tests. To avoid repetition effects, the order of presentation
of faces were pseudo-randomized across upregulation and
baseline tests.

Connectivity analysis
Effective connectivity analysis was conducted using
Granger causality modeling (GCM), methodology that
uses temporal information in one or more time-series of
signals from a certain brain region to predict signal time
courses in another, so that temporally directed inﬂuences
rather than only correlations in activity between different
brain areas can be generated [Abler et al., 2006; Seth, 2005,
2010].
To evaluate changes in effective connectivity during
feedback training, causal density (CD) of the emotional
brain network involved in self-regulation was computed.
Causal Density is a measure of connectivity, deﬁned by
the fraction of interactions among ROIs in a network that
are causally signiﬁcant, and is represented by the equation: CD ¼ GC/N(N  1), where GC is the total number
of signiﬁcant causal connections observed, and N is the
number of ROIs [Seth, 2005, 2010]. A set of unconnected
ROIs will have low CD. To determine ROIs to be included
in the analysis, we used a mixed approach. First, we
included brain areas that have been consistently reported
in the literature as important in the cognitive regulation of
emotions [Ochsner et al., 2004]. Second, a group GLM
analysis of functional images was performed to determine
the top-most clusters of activations associated with successful self-regulation in the patients. The analysis was
performed using random effect analysis, by a paired t test
that compared the last day of training (three sessions) and
the ﬁrst day of training (three sessions), (for further details
please see Supporting Information). Eight ROIs were chosen to be include in the GCM (center MNI coordinates
x,y,z): MidFG/middle frontal gyrus (50, 2, 42), MPFC/
medial prefrontal cortex (6, 48, 40), ACC/anterior cingulate cortex (3,7,25), left Insula (46,10,0), right insula
(46,0,0), amygdala (18,10,14), SMG/supra marginal
gyrus (66,26,25), and precuneus (10,49, 40). Averaged time-series of BOLD activations from the self-regulation blocks of the experiments for each of these ROIs was
extracted from the preprocessed (i.e., realigned, time
resliced, normalized, and spatially smoothed) fMRI data.
For each ROI, the time series were obtained from a box
containing a central voxel and the immediately adjacent 26
voxels. To correct for intersubject differences in BOLD
magnitudes, mean BOLD value for each subject was subtracted from his/her time-series data, in each ROI.
The connectivity of the network involved in self-regulation was analyzed by comparing the CD of the weakest
and the strongest session of regulation per subject (according to the FS), of the ﬁrst and last day of training,
respectively.

Off-Line Data Analysis
Insula cortex self-regulation
ROI analysis of the BOLD signal increase in left and
right anterior insula with respect to baseline in each session of self-regulation training was compared by using the
Fisher score (FS), which measures the discriminability
between BOLD signals of two conditions, in this case
‘‘baseline’’ and ‘‘upregulation’’ blocks. While conventional
measures of the BOLD signal change in a pre-selected ROI
are calculated only by the mean difference between two
conditions, FS considers both the variance and the mean
[Bishop, 1995; Lal et al., 2004]. With two time series
(deﬁned as X1 ¼ BOLD time series during upregulation
blocks and X2 ¼ BOLD time series during baseline), the
FS is then deﬁned as ratio of the square of the difference
between the mean BOLD values in each time-series to the
sum of the variance in the time-series.
scoreF ðXÞ ¼

ðmeanðX1 Þ  meanðX2 ÞÞ2
varðX1 Þ þ varðX2 Þ

In our study, for the calculation of the FS, BOLD values
were extracted from two rectangles, each of size 4  5 voxels (15  20 mm2), encompassing the MNI coordinates:
x: 27, 42; y: 10, 35; z: 5, 5; for left insula, and x: 27, 42;
y: 10, 35; z: 5, 5; for right insula.
The capability to volitionally regulate anterior insula
was quantiﬁed by the average FS of the sessions of training, and the slope of the regression line (learning curve) of
the FS values computed across the training sessions. To
conﬁrm that patients successfully regulated insula during
the emotion recognition evaluation, we applied the same
procedure, by extracting the information from baseline
and upregulation blocks.
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Figure 3.
Group analysis of BOLD signal change in left and right anterior insula, across the 4 days of
rtfMRI training and the emotion recognition evaluation. Blue bars represent the Fisher Score
(and standard error) during training sessions. The black bars represent the transfer sessions, and
the red bars represent the mean of the FS (and standard error) of the sessions of the emotion
recognition evaluation. *P < 0.05, for the Wilcoxon signed-rank test comparing the values of
each session with the ﬁrst session of training.
For the transfer session, although the FS values were
higher compared with the ﬁrst session of training, this difference was not signiﬁcant for left insula (z ¼ 1.481, P ¼
0.14) and was close to signiﬁcant for the right insula (z ¼
1.84, P ¼ 0.07; Wilcoxon signed-rank test). The FS of the
transfer sessions were positively correlated with the mean
FS of the sessions of training, for both left (Pearson r ¼
0.75, P ¼ 0.01) and right insula (r ¼ 0.77, P ¼ 0.01).
The mean FS calculated from the sessions of the emotion
recognition evaluation, was also signiﬁcantly higher than
the ﬁrst session of training both for left insula (z ¼ 2.66, P
< 0.01), and right insula (z ¼ 2.66, P < 0.01; Wilcoxon
signed-rank test).
No signiﬁcant differences were found for the PANAS
scores before and after the scanning sessions, neither in
the negative affects scale (median prescan ¼ 16, median
postscan ¼ 15; z ¼ 1.25, ns, r ¼ 0.17), nor in the positive
affects scale (median prescan ¼ 25, median postscan ¼ 25;
z ¼ 0.38, ns, r ¼ 0.05, Wilcoxon signed-rank test).
Patients did not report any discomfort during the training
sessions, apart for occasional mild ‘‘tiredness.’’

RESULTS
Insula self-regulation
The BOLD increase during upregulation compared to
baseline, improved with the number of training sessions,
showing that patients successfully learned to control the
BOLD-magnitude in the anterior insula, with rtfMRI training (see Fig. 3). A group linear regression analysis performed across all sessions of training showed a signiﬁcant
increase in BOLD signal (measured by the FS) for both left
[y ¼ 0.015x þ 0.07, P < 0.001, R2 ¼ 0.1 ] and right anterior
insula [y ¼ 0.023x þ 0.03, P < 0.001, R2 ¼ 0.25]. In a post
hoc test, involving a comparison of later sessions with the
ﬁrst session of training, a signiﬁcant higher FS was found
in session number 8 (z ¼ 2.02, P ¼ 0.04), 9 (z ¼ 2.07, P ¼
0.03), 10 (z ¼ 1.96, P ¼ 0.05), and 12 (z ¼ 2.2, P ¼ 0.02) for
left anterior insula. For right anterior insula, sessions with
signiﬁcant higher FS compared with the ﬁrst session were
Session 3 (z ¼ 1.96, P ¼ 0.05), 7 (z ¼ 2.19, P ¼ 0.02), 8 (z ¼
2.55, P < 0.01), 9 (z ¼ 2.56, P ¼ 0.01), 10 (z ¼ 2.67, P <
0.01), 11 (z ¼ 2.03, P ¼ 0.04), and 12 (z ¼ 2.37, P ¼ 0.01;
Wilcoxon signed-rank test). Bold-times series of a representative patient can be seen in Figure 1 of Supporting Information. Patients reported the use of emotional imagery
and recall of positive and negative emotional autobiographic episodes as strategies for gaining volitional control
of the BOLD response.
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Self-regulation and Psychopathology
The enhancement of insular activation, as measured by
the mean FS across the sessions of training, was negatively
correlated with the negative symptoms (measured by the
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Shapiro-Wilks test), indicating a signiﬁcantly higher sensitivity toward disgust faces following up-regulation than
baseline.
Patients correctly identiﬁed signiﬁcantly fewer happy faces
following upregulation (60.5%  18.78%, mean  SD) than after baseline blocks (73.3%  15.41%, mean  SD; paired t test,
t(8) ¼ 2.7, P ¼ 0.02; tested for normality, Shapiro-Wilks test)
(see Fig. 4), showing lower sensitivity for happy faces following upregulation. There were no signiﬁcant differences in the
speciﬁcity of recognition when compared between upregulation and baseline conditions, either for happy faces (speciﬁcity baseline ¼ 98%; speciﬁcity upregulation ¼ 99%), or
disgust faces (speciﬁcity baseline ¼ 98%; speciﬁcity upregulation ¼ 98%), (speciﬁcity measures the proportion of true negatives which are correctly identiﬁed, and was deﬁned by the
equation ¼ number of true negatives/(number of true negatives þ number of false positives)).
The analysis of the labeling errors showed that most disgust faces that were wrongly identiﬁed, were mislabeled
as angry faces, following both baseline and upregulation
(Table II). A signiﬁcant reduction of mislabeling disgust
faces as angry faces was observed following upregulation
compared with baseline (z ¼ 2.44, P ¼ 0.01, r ¼ 0.57;
Wilcoxon signed-rank test). No difference was found for
the intensity ratings for disgust faces following upregulation (5.53  0.98, mean  SD) and baseline blocks (5.71 
0.87, mean  SD), (t(8) ¼ 1.9, P ¼ 0.08; tested for normality, Shapiro-Wilks test). Similar lack of signiﬁcant difference was observed for intensity ratings for happy faces,
between baseline (4.58  0.78, mean  SD) and upregulation (4.48  0.62, mean  SD; t(8) ¼ 0.79, ns.).

Figure 4.
Percentage of correct identiﬁcation (mean and standard error)
for disgust and happy faces during the emotion recognition
evaluation.
PANSS-N scale), (left insula: Pearson r ¼ 0.68, P ¼ 0.04;
right insula: r ¼ 0.72, P ¼ 0.03), and the duration of the
illness for both left and right insula (left insula: r ¼ 0.72,
P ¼ 0.03; right insula: r ¼ 0.79, P ¼ 0.01; tested for normality, Shapiro-Wilks test).
No signiﬁcant correlations were found between the mean
FS across training or the learning curve and other clinical
measures such us, the positive symptoms (measured by the
PANSS-P scale), PANSS-G, age of onset of the disease, chlorpromazine equivalents, the calgary depression scale, or the
positive and negative affect scores of the PANAS.

Posttraining Face Emotion
Recognition Evaluation

Correlation Between Self-regulation
and Emotion Recognition

Following upregulation, patients correctly identiﬁed signiﬁcantly more disgust faces (48.3%  23.97%, mean 
SD) than following baseline (37.7%  17.69%, mean  SD;
paired t test, t(8) ¼ 2.8, P ¼ 0.02; tested for normality,

A positive correlation (Spearman r ¼ 0.76, P ¼ 0.018)
was found between the capability to self-regulate right

TABLE II. Face emotion recognition evaluation (group analysis)
Disgust faces

Happy faces

Answers

Baseline

UpRegulation

P¼

Answers

Baseline

UpRegulation

P¼

Disgust
Sadness
Fear
Anger
Neutral
Surprise
Happiness
Total

68
30
13
57
4
6
2
180

87
34
16
35
7
0
1
180

0.02
n.s.
n.s.
0.015
n.s.
n.s.
n.s.

Happiness
Sadness
Fear
Anger
Neutral
Surprise
Disgust
Total

132
2
4
0
20
19
3
180

109
5
1
3
29
31
2
180

0.02
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

The table displays results of the emotion recognition test in all patients following conditions ‘‘baseline’’ and ‘‘upregulation.’’ Numbers
represent the total number of selections of the emotions indicated in the ﬁrst left columns, under the headings ‘‘disgust faces’’ and
‘‘happy faces.’’ As 20 numbers of happy and 20 numbers of disgust faces were presented per condition (up-regulation and baseline) to
each subject (n ¼ 9), the total number of possible answers for each of these two emotions was 180. Right columns under the headings
‘‘disgust faces’’ and ‘‘happy faces’’ show the P-values for the statistics comparing the number of selections for each emotion between
baseline and upregulation conditions.
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Figure 5.
Group analysis of effective connectivity changes due to rtfMRI tional network during upregulation, in the weakest and the
training using Granger causality modeling (GCM). MidFG: middle strongest regulation sessions. Red arrows indicate bidirectional
frontal gyrus (50, 2, 42; MNI center coordinates x,y,z), MPFC: inﬂuences between ROIs. (B) Number of outgoing and incoming
medial prefrontal cortex (6, 48, 40), ACC: anterior cingulate connections of each ROI of the emotional network during upcortex (3,7,25), L Insula (46,10,0), R Insula (46,0,0), Amyg- regulation. Outﬂow: number of outgoing connections from each
dala (18,10,14), SMG: supra marginal gyrus (66,26,25), of the ROIs. Inﬂow: number of incoming connections to each of
precuneus (10,49, 40). (A) Directed inﬂuences of the emo- the ROIs.
anterior insula (measured by the average FS of the sessions of the emotion recognition evaluation), and the
increase in the sensitivity for recognizing disgust faces
(measured as the difference between the sensitivity for recognizing disgust following upregulation minus the sensitivity for recognizing disgust following baseline).

0.58). In addition, the CD of the network as a whole was
enhanced with training. This change is reﬂected in the
larger causal density in the strongest session of regulation
compared with the weakest session considering the entire
network (0.61 vs. 0.46, respectively), wherein new connections appeared among anterior cingulate cortex, precuneus, supramarginal gyrus, and the rest of the ROIs.

Effective Connectivity Changes
DISCUSSION

Time-series of BOLD activations in a number of ROIs (n
¼ 8) were extracted and submitted to the GCM analysis
(Fig. 5a,b). Network connections among insula cortex,
amygdala and MPFC increased with feedback training, as
found by comparing between the weakest regulation session (CD: 0.16) and the strongest regulation session (CD:

r

The results show that patients with schizophrenia are
able to learn volitional control of the activity of anterior insular cortex, with neurofeedback based on rtfMRI. Interestingly, two factors, namely negative symptoms and the
duration of the illness were negatively correlated with the
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success of self-regulation. Reductions in the size of insula
in schizophrenia patients with predominantly negative
symptomatology (affective ﬂattening, alogia, avolition) have
been reported [Sigmundsson et al., 2001; Takahashi et al.,
2004]. Therefore, if insula abnormalities are part of the neural substrates of negative symptoms, the difﬁculty to learn
self-regulation in patients with more severe negative symptomatology could reﬂect the abnormality of the insular
structure. Considering the use of emotional imagery as a
strategy to achieve self-regulation, an alternative hypothesis
could be that the difﬁculty to self-regulate in patients with
more negative symptoms could reﬂect a more general emotional disturbance expressed in that regulatory deﬁcit. In
fact, patients with prominent negative symptomatology
have several deﬁcits in emotional processing and expression
[Addington et al., 1998; Henry et al., 2007; Schneider et al.,
1995]. In view of the relatively short duration of the disease
in our patients, it is noteworthy that a negative correlation
was found between the capability to self-regulate and illness
duration. This ﬁnding suggests that factors interfering with
self-regulation may start in early stages of the disease and
develop rapidly thereafter. On the other hand, these results
also suggest that in schizophrenia patients, some particular
aspects of the disease (i.e., negative symptoms) could predict the chances of successful learned brain self-regulation.
In this sense, it is also arguable that other factors, like a general capability to perform imagery, a cognitive deﬁcit, or
attention impairment, might play also a role in learned selfregulation. This possibility has not yet been studied in any
previous rtfMRI study, and certainly should be addressed in
future works. Similarly, as the patients in our sample were
all of paranoid subtype (a subgroup of schizophrenia
patients that might have less cognitive impartment than
other subtypes), future studies can also compare the selfregulation performance in different schizophrenia subtypes,
or among patients with different cognitive capabilities.
This is the ﬁrst rtfMRI study to have included such a
long training, fact of importance for future therapeutics in
severely ill psychiatric and/or neurological patients, in
which long period of trainings can be expected. The transfer session showed a reduction in the FS compared to the
later sessions of training, indicating that self-regulation
could be best achieved in the presence of feedback. However, as patients performed a transfer session only once at
the end of the training, it might be possible that the novelty of the transfer session could have interfered with their
performance. Interestingly, a positive correlation was
found between the general capability to self-regulate during the training sessions and the capability to self-regulate
during the transfer session, suggesting that the patients
who can better regulate in the presence of feedback, can
also have better achievement of self-regulation in its absence, after the training. In future studies, feedback and
transfer sessions could be interspersed in a systematic
fashion to improve regulation performance during transfer. This improved protocol could also be used to explore
the factors that mediate improvement in performance.

r
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Regarding the behavioral results, patients detected signiﬁcantly more disgust faces following upregulation of anterior insula, than after the baseline condition, in line with
our hypothesis. Furthermore, the increased sensitivity following up-regulation was correlated with the enhancement in right anterior insula activation. Although previous
ﬁndings regarding laterality are not consistent, this result
supports the reports of right insula activation in the recognition of disgust faces [Anderson et al., 2003; Phillips
et al., 1997, 2004; Schroeder et al., 2004]. Also, these ﬁndings provide further support, albeit indirectly, to the hypothesis that a dysfunction in insula cortex plays a crucial
role in patients’ deﬁcit to recognize expressions of disgust.
The over-representation of anger emotion in the labeling
errors is concordant with the literature showing that these
two emotions tend to be confused, being proximally
located in two-dimensional models of affect [Bullock and
Russell, 1986; Gerber et al., 2008]. It is not surprising therefore that the increased sensitivity for recognizing disgust
faces following insula upregulation was accompanied by a
signiﬁcant decrease in the erroneous labeling of disgust as
anger. Although it is not possible with the current design
to totally disentangle the role of some particular form of
emotional imagery priming disgust emotion recognition,
some arguments make us strongly believe that the increase
in anterior insula activity is the crucial and necessary
event that leads to the enhanced capability to recognize
disgust faces. First, the already mentioned signiﬁcant correlation found between right insula BOLD levels and the
enhanced sensibility toward disgust shows a relationship
between brain activation of this region and recognition of
disgust. Second, the fact that patients in the study used a
variety of positive and negative emotional imagery strategies for self-regulation of insula, makes it difﬁcult to
think that the increased sensitivity toward disgust was
due merely to the priming effect caused by one speciﬁc
form of emotional imagery preceding the recognition test.
The diminished capability to recognize happy faces following upregulation of anterior insula was an unexpected
ﬁnding. Insula activity has been associated with the report
of negative valance of emotional pictures [Anders et al.,
2004; Viinikainen et al., 2010], and in our previous rtfMRI
study of insula regulation, learned self-regulation led to an
increased negative valance on the perceived aversion of
emotionally negative pictures in healthy subjects [Caria
et al., 2010]. These ﬁndings may lead one to speculate that
heightened activations of anterior insula might tilt the balance from positive valance stimuli (in this case happy
emotional faces), towards a more negative valence. However, the error pattern for the identiﬁcation of happy faces
(displayed in Table II) does not provide clear support for
this explanation, as happy faces were mislabelled following upregulation as some negative emotions, but also as
neutral and surprise. An alternative explanation could be
that learned single ROI self-regulation leads to modiﬁcations in the connectivity of brain networks, in addition to
changes in the region itself. Face emotion recognition may
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effects and no BOLD control was observed [Caria et al.,
2007, 2010]. On the other hand, practice or time effect is
accounted for in our design, as behavioral comparisons
were made between upregulation and baseline conditions
that were interspersed in the same sessions. If repetition
did indeed inﬂuence learning, then it should have
occurred for both baseline and upregulation conditions,
cancelling the effect in our analysis. Furthermore, the feedback was computed online by subtracting global signal
changes from the signal in the anterior insula, thereby
removing unspeciﬁc effects and retaining task speciﬁc
activations.

involve the functional interaction among certain brain
areas considered to be specialized for recognition of speciﬁc emotions [for a review see Adolphs, 2002], for example, amygdala for fear [Adolphs et al., 1994; Morris et al.,
1996] and insula for disgust [Phillips et al., 1997, 2004;
Sambataro et al., 2006; Wicker et al., 2003; Williams et al.,
2005]. Therefore, it is conceivable that the volitional control
of one of these particular regions could in turn modify the
functional connectivity with other regions involved in face
emotion recognition, leading to modulations of the detection of other emotions, e.g., happy emotions as shown in
our results. Although it is not possible to test this hypothesis with our current design, it nevertheless stresses the importance of examining brain connectivity changes
associated with rtfMRI training.
Effective connections among insula cortex, amygdala,
and MPFC were enhanced at the end of the training. Furthermore, the CD of the network involved in emotion
processing was enhanced as a whole: increased number of
connections was observed in the regions: ACC (attention
and performance monitoring [Botvinick et al., 2004]), precuneus (episodic memory retrieval and self-processing
operations [Cavanna et al., 2006]), and supramarginal
gyrus (ﬁrst-person perspective [Vogeley et al., 2004]).
Abnormal brain connectivity during emotional processing
has been reported in schizophrenia [Das et al., 2007; Fakra
et al., 2008]. Therefore, if rtfMRI can be used to ‘‘repair’’
neural disconnection, this could have important therapeutic implications for schizophrenia, and also for other brain
diseases in which the coupling of different brain areas is
disrupted [Just et al., 2007; Noonan et al., 2009; Wang
et al., 2007; Zhang et al., 2010].
The study has some limitations. The sample size of
patients was relatively small. However, the longer training
resulting in such a consistent effect compensates for the
sample size. The rtfMRI training and behavioral post-training evaluation, spanned over several days, was a demanding setting that included more than 180 fMRI scanning
sessions (and more than 50,000 brain volumes), making
this study exceptionally large in terms of the amount of
data acquired. The high consistency and the large number
of data points increase the statistical reliability of our data.
Because of the lack of a control group of patients trained
with non-contingent (sham) feedback, it could be argued
that the increase of insula control may constitute a session
repetition or time effect. However, we did not include a
group of patients trained with sham feedback for ethical
reasons, and also considering the consistent evidence coming from all previous rtfMRI studies [Caria et al., 2007,
2010; deCharms et al., 2004, 2005; Rota et al., 2009; Yoo
et al., 2006], that have demonstrated that volitional control
can only be achieved by contingent feedback. Furthermore,
our group tested this effect in a previous study using a
similar rtfMRI-training protocol, in healthy participants.
Again, only the group trained with contingent feedback
resulted in a learning effect. Emotional imagery without
feedback and noncontingent feedback had no behavioral
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CONCLUSIONS AND FUTURE APPLICATIONS
This study shows for the ﬁrst time that rtfMRI can be
applied to psychiatric populations, leading to behavioral
modiﬁcations and neural connectivity enhancement. Particularly for schizophrenia, it has not been previously
shown that patients would be able to self-induce neural
activation modiﬁcations, leading to behavioral effects.
Here we could demonstrate for the ﬁrst time a completely
novel approach, involving functional brain changes due to
self-regulation of cerebral activation patterns. We believe
that these results open the door for future therapeutic
applications of rtfMRI feedback, and can serve as a model
for psychiatric populations for stimulating self-efﬁcacy
and the possibility to remodel their own brain.
Some questions, out of the scope of this study, are still
to be answered. At a behavioral level, further research
should evaluate the translation of this approach to clinical
treatment of mental disorders. At the neural level,
enhancement of brain connections in the present study
was achieved as a positive by-product of single ROI selfregulation training. However, further progress in rtfMRI
methodology is expected to enable the real-time computation and direct feedback of the coupling between several
brain areas, making it possible to train patients to directly
modulate the connection strengths of a network, creating
exciting possibilities for the direct modulation of brain networks by self-regulation.
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