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Cognitive functioning is impaired in patients with schizophrenia, leading to significant
disabilities in everyday functioning. Its improvement is an important treatment target.
Neurofeedback (NF) seems a promising method to address the neural dysfunctions
underlying those cognitive impairments. The anterior cingulate cortex (ACC), a central
hub for cognitive processing, is one of the brain regions known to be dysfunctional in
schizophrenia. Here we conducted NF training based on real-time functional magnetic
resonance imaging (fMRI) in patients with schizophrenia to enable them to control
their ACC activity. Training was performed over 3 days in a group of 11 patients with
schizophrenia and 11 healthy controls. Social feedback was provided in accordance
with the evoked activity in the selected region of interest (ROI). Neural and cognitive
strategies were examined off-line. Both groups learned to control the activity of their
ACC but used different neural strategies: patients activated the dorsal and healthy
controls the rostral subdivision. Patients mainly used imagination of music to elicit activity
and the control group imagination of sports. In a stepwise regression analysis, the
difference in neural control did not result from the differences in cognitive strategies
but from diagnosis alone. Based on social reinforcers, patients with schizophrenia
can learn to regulate localized brain activity. However, cognitive strategies and neural
network location differ from healthy controls. These data emphasize that for therapeutic
interventions in patients with schizophrenia compensatory strategies may emerge.
Specific cognitive skills or specific dysfunctional networks should be addressed to train
impaired skills. Social NF based on fMRI may be one method to accomplish precise
learning targets.

Keywords: social reinforcement, cognitive therapy, psychotherapy, remediation therapy, cognitive strategies,
rostral and dorsal ACC, brain computer interface, self-regulation
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Introduction

Aspects of cognitive functioning, such as memory, attentional
performance, or face recognition, are impaired in patients
with schizophrenia, and can lead to significant disabilities in
occupational, social, and economic functioning (see Keefe and
Harvey, 2012, for a review). These particular impairments
often persist throughout all stages of illness (Censits et al.,
1997). Antipsychotic agents often improve positive symptoms,
but treatments that improve social and cognitive functioning
are still warranted (Keefe et al., 1999). Cognitive skills have
become an important therapeutic target in patients with
schizophrenia, and are associated with long-term outcomes and
prognosis (Purdon et al., 2000). Psychological strategies, such as
cognitive remediation therapy, have been introduced to improve
cognitive deficits (Turkington et al., 2004) and should target
different symptom domains, e.g., executive function, attentional
performance, and aspects of memory (Kurtz et al., 2001). Such
improvements of specific cognitive functions (Medalia and Lim,
2004) can be expected to normalize dysregulated neural activity
(Kurtz, 2012; Penadés et al., 2013). Although one may expect
that addressing a supposed neural dysregulation in a direct
manner should lead to improvements in cognitive functions,
so far, none of the existing therapeutic approaches directly
addresses the underlying neural deficits (Turkington et al,
2004).

The anterior cingulate cortex (ACC) plays an important
role in the pathogenesis of schizophrenia. Structural magnetic
resonance imaging (MRI) and neuropathological findings
demonstrate gray matter reductions of the ACC in patients with
psychosis, occurring already prior to its onset and, eventually,
progressing with illness duration (Fornito et al, 2009). In
functional MRI (fMRI) studies, patients with schizophrenia
showed reduced conflict- (Snitz et al., 2005) as well as error-
related activity in the ACC (see Melcher et al., 2008, for a
review; Carter et al., 2001; Alain et al., 2002; Kerns et al., 2005),
which may normalize upon administration of antipsychotic
medications (Snitz et al., 2005; Adams and David, 2007). Studies
reported hypo-activation in patients only for the rostral division
of the ACC during Stroop (Carter et al,, 1997), Go/NoGo
(Laurens et al., 2003), oddball (Liddle et al., 2006), or emotion
recognition tasks (Habel et al., 2010). Reduced ACC activity
in patients with schizophrenia plays an important role in the
development of deficits in different cognitive domains, such
as attention, working memory, verbal production, response
monitoring, and inhibition (Sanders et al., 2002).

fMRI-based neurofeedback (NF) trains subjects to control
localized brain activity (Bray et al., 2007). Using real-time fMRI,
a Brain-Computer Interface (BCI) provides feedback of the
momentary activity in a selected brain area (Weiskopf et al.,
2004). This has been suggested as a method to modulate specific
functions of neural networks (Yoo et al., 2006). Several studies
have demonstrated that healthy participants can learn the control

Abbreviations: ACC, anterior cingulate cortex; BCI, brain-computer interface;
EEG, electroencephalography; EPI, echo planar image; NF, neurofeedback; ROI,
region of interest; rt-fMRI, real-time functional magnetic resonance imaging;
SPM, Statistical Parametric Mapping.

of circumscribed brain regions using fMRI-based NF (Yoo et al.,
2006; Caria et al.,, 2007; Rota et al., 2009; Hamilton et al.,
2011; Scharnowski et al., 2012; Lawrence et al., 2013). Moreover,
first attempts of using fMRI-NF as a therapeutic intervention
have been made (e.g., Subramanian et al., 2011). Patients with
treatment-resistant depression showed clinical improvements
after localized regulation (Linden et al., 2012). In patients with
chronic pain, improved symptomatic control was associated with
ACC regulation (deCharms et al., 2005). Moreover, successful
ACC regulation was achieved in other study groups, i.e., such
as patients with nicotine addiction (Li et al., 2013). In patients
with schizophrenia, NF of the bilateral anterior insula activity led
to an emotion recognition bias towards disgust, demonstrating
that patients with schizophrenia were able to gain voluntary
control over their regional brain activity (Ruiz et al., 2013). So far,
however, no NF study aimed to improve cognitive functioning in
patients with schizophrenia. The ACC seems a promising target
region for such an intervention, because the ACC is considered to
be a central hub for cognitive processing. In particular, in patients
with schizophrenia changes in ACC functioning were associated
with impaired responses in cognitive tasks, especially in a Stroop
cognitive interference task (Minzenberg et al., 2009). Voluntary
control of ACC function may help to overcome specific cognitive
deficits, and the applied cognitive strategies may provide a
significant pathway to improve cognitive skills in this particular
disorder (Weiskopf et al., 2004), even over a longer period of time
(Harmelech et al., 2013).

In patients with schizophrenia, the voluntary regulation
of ACC function may influence circumscribed cognitive
dysfunctions, and thereby may contribute to the understanding
of cognitive remediation therapies. The present study applied
fMRI-based NF over 3 days to train volitional control of the
ACC in participants with schizophrenia and in healthy controls.
Since this particular brain area underlies cognitive dysfunctions
in the patient group, we expected differences between the groups
with respect to the neural pattern of activation as well as
the applied cognitive strategies. Therefore, reported strategies
were content-coded and related to the activation pattern during
ACC regulation. We expected different frequencies of emerging
content categories between the groups. Further, we explored
correlations of regulation amplitudes with symptom and mood
scales.

Materials and Methods

Participants

We investigated 11 patients with a confirmed diagnosis of
schizophrenia (five females) with a mean age of 38.9 & 9.3 years,
and an age- and gender-matched control group of 11 healthy
subjects (see Table 1). Patients were recruited through the
Department of Psychiatry, Psychotherapy and Psychosomatics
of the University Hospital Aachen. All of the patients were
diagnosed with schizophrenia according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IV) criteria, and
all of them were medicated with a stable dose of antipsychotics
(seven with a single and four with a combination of two). The
diagnoses were ascertained by experienced clinicians using the
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German version of Structured Clinical Interview for the DSM-
IV (SKID; Wittchen et al., 1996). Patients with acute psychiatric
or any neurological co-morbidity were excluded. The control
group comprised 11 healthy subjects, matched for age (38.9 +
9.3 years) and gender (five females), and was recruited via public
advertisement. All but one participant were right-handed as rated
with the Edinburgh Handedness Inventory (Oldfield, 1971; see
Table 1) and gave written informed consent to the experimental
protocol, which was in accordance with the Helsinki Declaration
and approved by the Ethics Committee of the RWTH Aachen
University, Germany.

Procedure

Every participant underwent three NF training sessions on three
different days during 1 week, with at least 1 day without training
in between. Each session included three NF runs. The runs
comprised eight regulation and nine baseline blocks, lasting 30 s
each, starting and ending with a baseline block, resulting in 8.5
min per run. During the regulation blocks, the momentary BOLD
activation was fed back to the participants via a BCI providing
social rewards (Figure 1; for details see Mathiak et al., 2010): In
short, the avatar of a dark-haired male human (created using
Poser Pro, Smith Micro, Inc., USA) smiled at the participants
with rising intensity when the activity of the ACC increased. In
contrast, it gradually returned to a neutral expression when the
activity decreased. A fair-haired, slightly smiling avatar indicated
the baseline condition, instructing to count backwards from
100 in steps of three. The association of dark and fair hair

with regulation and baseline condition were randomized and
counterbalanced across subjects.

The Positive and Negative Affect Scale (PANAS; Watson
et al., 1988) assessed mood before and after each of the three
NF sessions, i.e., a pre and a post value for each day. After the
experiment, imagination abilities were assessed with the short
version of Betts’ Questionnaire upon Mental Imagery (QMI;
Sheehan, 1967). Patients’ clinical status was assessed using the
Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987).

Instructions and Strategies

During NF blocks, subjects were advised to up-regulate the
smile intensity (feedback signal) using a personalized individual
mental strategy. They were provided with a standardized
protocol containing information on the hemodynamic delay and
the instruction to only switch in between different strategies
after trying one for at least 10 s. Some template strategies
from different cognitive domains were named, i.e., positive
autobiographic memories, picturing oneself doing sports or
playing an instrument, and concentrating on certain perceptions
like feeling the temperature of one’s own left foot. However, it
was clarified that the subjects needed to find individual ways and
strategies to achieve successful regulation of the feedback signal,
and that they would be asked to report what kind of strategies
they applied after each feedback run as well as in an interview at
the end of every training day. Further, they rated their perceived
control success over the feedback signal on a scale from 1 to
10. During baseline blocks, subjects were instructed to count

TABLE 1 | Demographic and clinical characteristics of schizophrenia (n = 11) and control group (n = 11).

Subject Gender Age Handedness Smoker Education Initial Initial QMI Manifestation Psychiatric Medication Initial

PANAS PANAS score age comorbidity (anti-psychotic, score
(pos) (neg) anti-depressiv)

Patient 1 Female 35 Right High School 30 10 25 17 - Ziprasidone 39

Patient2 Female 46 Right University 29 13 23 43 - Aripiprazole, clozapine, venlafaxine 61

Patient 3 Female 44 Right College 31 10 27 33 - Quetiapine, amisulpride, escitalopram 41

Patient 4 Male 47 Right University 27 11 24 39 - Quetiapine 50

Patient 5 Male 39 Right v College 29 10 19 24 F63.0 Aripiprazole, clozapine, citalopram 57

Patient 6 Male 22 Right University 18 16 20 21 F20.4 Quetiapine 39

Patient 7 Female 50 Right (v') College 29 10 32 32 - Quetiapine 49

Patient 8 Male 28 Right v High School 31 1 10 17 F19.1 Amisulpride, dipiperone 51

Patient9 Male 50 Right v High School 27 11 30 19 - Risperidonw, promethazine 50

Patient 10 Female 35 Right v High School 20 12 35 22 F63.0 Olanzapine, promethazine 42

Patient 11 Male 32 Right v University 27 11 25 29 - Aripiprazole, clozapine 58

Control 1 Female 52 Right College 27 10 33

Control 2 Male 43 Right High School 24 10 33

Control 3 Female 49 Right University 30 10 17

Control 4 Female 53 Right (v')  Elementary School 31 15 32

Control 5 Male 59 Right University 38 10 34

Control 6 Male 43 Right v University

Control 7 Male 22 Right University 35 11 24

Control 8 Male 26 Right (v')  University 24 14 29

Control 9 Male 26 Right University 32 16 24

Control 10 Female 31 Right University 27 18

Control 11 Male 23 Left University 29 12 20

PANAS: Positive and Negative Syndrom Scale; QMI: Questionnaire upon Mental Imagery; PANSS: Positive and Negative Syndrom Scale (v'): currently abstinent from
smoking F63.0: pathological gambling, F20.4: post-schizophrenic depression, F19.1: multiple drug abuse.
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FIGURE 1 | NF paradigm using social reward. In blocks of 30 s, the
dark-haired avatar gave feedback of localized brain activity by smiling with rising
intensity, whereas the fair-haired face instructed to count backwards, serving as

Regulation Regulation
30s 30s e
Baseline Baseline Baseline
30s 30s 30s
8.5 min

(9 baseline blocks, 8 regulation blocks)

baseline condition. Baseline and regulation blocks summed up to 8.5 min
for one run. Three runs were conducted on each of the three training
days.

Schizophrenia

FIGURE 2 | Activation during regulation of the ACC (outlined
ROI). (A) Group of patients with schizophrenia (n = 11, warm colors),
(B) matched controls (n = 11; cold colors), (C) patients > controls
(warm) and controls > patients (cold). Across all training sessions

Controls

Schizophrenia vs. Controls

and days, the patients activated the dorsal part of ACC whereas
the control group yielded regulation at the rostral subdivision to
change the signal from the allover ROI (p < 0.05, FWE-
corrected).

backwards in steps of three, starting with 100. They were advised
to concentrate on counting and not to think about anything else.

Analysis of Cognitive Strategies

The reported strategies were content-coded by three independent
raters with the categories Music (German: “Musik™), Sports
(“Sport”), Mention of other people (“Gedanken, in deren
Formulierung explizit andere Menschen erwihnt werden”),
and Others (“Sonstiges”). The system vyielded an inter-
rater reliability of a = 0.85 (Krippendorffs Alpha Reliability

Estimate; Krippendorff, 1970). Two-sample t-tests compared
the frequencies of the four categories between the groups.
Furthermore, we conducted a stepwise regression analysis for the
dorsal and the rostral ACC peak activity to analyze contributions
of cognitive strategies to the neural activity.

Data Acquisition

Imaging was performed on a 3T MRI scanner (Magnetom
TRIO, Siemens medical systems, Erlangen, Germany). Sixteen
transverse slices were acquired in parallel to the anterior
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commissure—posterior commissure (AC-PC) plane with echo
planar imaging (EPI) at a repetition time TR = 1 s (echo time
TE = 28 ms; matrix size = 64 x 64 with 3 x 3 mm? in-plane
resolution; slice thickness = 3 mm; gap = 0.75 mm; flip angle
= 67°). Each NF run comprised 520 volumes. For optimal and
reproducible ACC coverage, the slices were positioned so that
the AC-PC plane was between the 7th and the 8th slice from
the bottom. Additionally, we collected a T1-weighted structural
scan for superposition of functional maps and brain anatomy
(MPRAGE, field of view FOV = 256 x 256 mm, 176 sagittal
slices, 1 mm? isotropic voxels, TR = 1900 ms, TE = 2.52 ms, flip
angle = 8°).

On-Line Data Analysis

An observer-independent anatomical template of the ACC
determined the target region. In particular, it represented the
cingulate cortex from the Automated Anatomical Labeling
(AAL) atlas restricted to the quadrant with y and z coordinates
greater than zero in the Montreal Neurological Institute (MNI)
space. The individual images were realigned to a reference male
or female EPI dataset and image raw data was extracted at and
averaged over the predefined mask. First, exponential moving
average algorithm removed low-frequency drift. Second, outliers,
and high-frequency fluctuations were reduced with a modified
Kalman filter (see Koush et al., 2012, for details). The data were
scaled as to 1% signal change represented the full range of the
display from the mild smile to the full smile of the avatars
face. The baseline periods achieved a return to the initial signal
level due to the drift removal. Data processing and feedback
visualization were performed using Matlab 7.7 (The Mathworks,
Natick, MA, USA).

Off-Line Data Analysis

Statistical parametric mapping (SPM8)! was conducted following
standard procedures with realignment for motion correction,
normalization into the MNI template space (Collins et al., 1994),
and spatial smoothing with 8 mm full-width at half-maximum
Gaussian kernel. Blocks for regulation conditions entered into
a general linear model convolved with hemodynamic response
function as independent variables. Second-level statistics
conducted a group comparison using a two-sample t-test. After
model estimation, a mask was applied including only voxels
within the ACC. We used the WFU Pickatlas® to define the ACC
mask, taking the provided anatomical template of the cingulate
cortex with the y coordinate > 0. Levels of significance were
set according to p < 0.05 after family-wise error correction
(FWE).

A probit model tested whether there was predictive power
of categories on the group variable. Post hoc t-tests identified
the contributions of each category. Further, individual contrast
estimates from dorsal and rostral subdivisions of the ACC
entered linear regression analysis with group indicator,
test scores, and category of strategy as predictors. Stepwise
regression analysis investigated whether the subsequent

Uhttp://www.filion.ucl.ac.uk
Zhttp://fmri.wfubmc.edu/software/PickAtlas

addition predictors added to the explanatory power of the
hierarchical models more than chance effects. The level of
statistical significance was set according to p < 0.05 without
correction for multiple testing owing to the exploratory
character.

Results

ACC Regulation

During regulation as compared to the counting baseline blocks
the patients yielded significant increase in activation in the
a priori defined ACC mask (Tpeax = 14.75, p < 0.05, FWE-
corrected). The bilateral activation cluster was located in the
dorsal subdivision of the ACC (Brodmann area [BA] 24, and
partly in BA 33; Figure 2A, see Table 2). The control group up-
regulated the ACC as well, but activated the rostral subdivision
(Tpeak = 5.19, p < 0.05, FWE-corrected; BA 32 and 33; Figure 2B;
Table 2). The difference in localization was confirmed within
a direct comparison: the patient group exhibited a greater
activation of the dorsal subdivision (Tpeax = 7.32, p < 0.05,
FWE-corrected), whereas the control group yielded stronger
rostral subdivision activity (Tpeax = 5.00, p < 0.05, FWE-
corrected; Figure 2C). These findings were located within the
a priori ACC mask, but also yielded significance without small
volume correction. The explorative correlations between brain
activity at the cluster peaks and scales for mood, imagery, or
symptom severity (average pre- and post-PANAS, QMI, PANSS)
yielded no significant brain-behavior relationships at this level
(allp > 0.1).

Whole-Brain Analysis

Exploratory mapping analysis of the entire volume indicated
significantly higher activation during regulation blocks for
patients with schizophrenia vs. controls in bilateral superior
temporal gyri (Tpeak = 8.60, p < 0.05, FWE-corrected), rolandic
opercula (Tpeak = 6.79, p < 0.05, FWE-corrected), pre- (Tpeak =
6.50, p < 0.05, FWE-corrected) and postcentral gyri (Tpeak = 6.63,
p < 0.05, FWE-corrected), as well as in the left middle temporal
gyrus (Tpeak = 7.22, p < 0.05, FWE-corrected) and the left
inferior parietal gyrus (Tpeak = 6.49, p < 0.05, FWE-corrected).
The reversed contrast revealed lower activity in the right
supramarginal gyrus (Tpeak = 8.30, p < 0.05, FWE-corrected) and
the right middle temporal gyrus for the patient group (Tpeak =
6.43, p < 0.05, FWE-corrected).

TABLE 2 | Activation of the ACC during neurofeedback.

Contrast Subdivision Brodmann T,.ax MNI Coordinates Cluster size

of ACC area (x,y,2) ()]
Pat Dorsal 24 14.75 14,16, 34 18.68
Cntl Rostral 32, 33 5.19 —4, 38, 28 0.35
Pat > Cntl Dorsal 24 7.32 —8,14, 44 1448.00
Cntl > Pat Rostral 32 5.00 2,36,0 0.17

Cluster size refers to the whole brain analysis without ACC mask. In the “Pat >
Cntl” contrast, the large volume reflects the confluence with a distributed pattern.
Pat: patients; Cntl: controls.
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FIGURE 3 | Activity at rostral and dorsal ACC clusters. The vertical axis
shows individual activation amplitudes in the dorsal cluster and the horizontal
axis in the rostral cluster (arbitrary units but same scaling for both axes). The
background picture merely illustrates this relationship; it depicts the dorsal and
rostral ACC clusters from Figure 2C. In the left panel for the control group,
the data points are closer to the rostral cluster at the right side; on the right
panel for the group of patients with schizophrenia, the data points tend
towards the dorsal cluster positioned at the top. Further, color and form of the
data points reveal the prominent strategy of the individual for the given
regulation success (see insert). Cognitive strategies involving music (blue
circles) were mostly used by patients and led in some of them but not in
controls to high dorsal activation. Strategies mentioning sports (green crosses)
were more frequently found in the controls.

Cognitive Strategies

All subjects reported a feeling of control over their ACC
activity with a mean rating of 5.65 + 1.35 (first day), 6.52
=+ 1.33 (second day), and 6.76 £ 1.14 (third day) on a scale
from 1 to 10. The strategies reported by patients and healthy
controls ranged widely. For instance, subjects reported they
applied thoughts on “my favorite music, songs from ABBA,
Smokie, and The Sweet, on “being at the beach with my family,
and on “playing soccer.” Based on the list of all reported
strategies, an inductive coding scheme was derived, similar to
a previous method for fMRI analysis (Mathiak and Weber,
2006). The induction and the coding were conducted blind to
the diagnosis, i.e., from the list of verbatim reports without
information on the respective participant. In the team of the
authors, a list of potential categories was created reflecting
the previous experience on reported control strategies. These
initially 13 categories were iteratively fused to yield a sufficient
frequency of items and an inter-rater reliability above 0.8 from
two independent coders. In the final content coding scheme
with four categories, the reported strategies differed between the
diagnostic groups (probit model, x%u4, = 10.8, p < 0.05). The
frequencies of Music and Sports differed significantly between
the groups: while Music was used by eight patients and only
four controls, Sports was applied by only three patients, but
seven controls (Music: T = 2.05, p = 0.045; Sports: T = —2.22,
p = 0.03; see Figure 3). Likewise, the contrast Music—Sports
yielded a significant group difference (T = 2.91, p = 0.005). In
contrast, no differences emerged for Mention of others (seven
patients, six controls) and Others (10 patients, nine controls; all
p>02).

In a stepwise regression analysis, we investigated which
variable contributed to the ACC signals in an independent
manner. Dorsal and rostral ACC signals were extracted from
the two clusters in the group comparison, rendering the group
effect trivial. Indeed, in the dorsal subdivision, the group factor

“diagnosis of schizophrenia” contributed to the model (T = 4.62,
p < 0.0001). The group factor was also the most important
predictor for rostral ACC activity as well (T'= —3.48, p < 0.001);
however, the strategies which were coded as Mention of others
added slightly but significantly to the explained variance (T =
2.11, p = 0.039). Importantly, none of the other strategies was
included by the stepwise regression procedure (all p > 0.2); in
particular Sports and Music had no effect on ACC after correction
for diagnosis (all p > 0.2). Finally, also linear learning over
the days of assessment seemed not to contribute with regards
to additionally explained variance in the regression model (all
p > 0.2). Only in an exploratory repeated-measures ANOVA,
regulation amplitude in the rACC changed significantly over
days (F(2,40) = 3.64, p = 0.035); in the dACC, only a trend emerged
(F(2>4()) =2.73, p= 0.078).

Discussion

fMRI NF training of ACC activity in patients with schizophrenia
led to activation of the dorsal ACC subsection, whereas controls
activated the rostral subsection. In addition, different cognitive
strategies were reported, i.e., related to music in patients with
schizophrenia and to sports in healthy controls. The difference in
strategies, however, did not contribute to the difference in neural
activation. One can assume that with regards to the human body
one choses pragmatically the most readily available strategy to
increase reward intensity or probability, i.e., the smile on the
avatar face. This may circumvent addressing the desired neural
target, for instance, the rostral ACC in the group of patients
with schizophrenia since it is easier for them to achieve control
via signal changes in the dorsal ACC. Therefore, targets in the
neural and cognitive domain need to be specific for normalizing
dysfunctions in patients with schizophrenia.

The ACC can be divided into subdivisions in different ways,
such as anatomically as well as functionally (Bush et al., 2000).
In particular, differentiation between the rostral and the dorsal
part of the ACC is of significant importance. If one of these
parts is highly recruited, the other one tends to be suppressed
with regards to related brain activity (Drevets and Raichle, 1998).
The rostral ACC is mainly activated within emotional processes,
whereas the dorsal part largely engages in cognitive tasks (see
Bush et al,, 2000, for a review). In our study, patients and controls
performed identical tasks but activated different sub-regions
of the ACC. Indeed, various studies have suggested that ACC
dysfunction in patients with schizophrenia is primarily caused
by impairments of the rostral subdivision of the ACC (Carter
et al., 1997; Laurens et al., 2003; Liddle et al., 2006; Habel et al,,
2010). Therefore, in order to achieve control over the global ACC
signal, patients may have activated the dorsal part in particular.
As compared to controls, in the schizophrenia group activity
of the rostral part was even down regulated during feedback
blocks. This finding is in line with other models suggesting
an antagonistic action of both ACC subdivisions (Drevets and
Raichle, 1998) but may counteract the intention of a global and
thus also rostral activation increase in a therapeutic setting. This
dysbalance may additionally contribute to the psychopathology
of patients with schizophrenia. Thus, in particular in patients
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with schizophrenia, NF training with the aim to increase activity
in the rostral ACC should consider to apply specific masks that
do not cover the dorsal ACC.

Similar to the found neural strategies for achieving regulatory
ACC control, the groups reported different cognitive strategies.
The higher rate of music in the patients and sports in the controls,
however, did not explain the neural pattern implying higher
cognitive processing in patients with schizophrenia as compared
to emotional processing in the healthy controls. Indeed, these
particular categories predicted neither cognitive nor emotional
ACC activity. Conceivably, deficits in motor activity and thus
motor imagery may have been compensated by the patients using
everyday experiences such as music (compare Zvyagintsev et al.,
2013). The patients in our group of patients with schizophrenia
were able to achieve a functional recovery in terms of effective
regulation of the ACC signal by compensation from domains
which seem to be less impaired (cognitive processing, music
imagery). They did not apply the neural and cognitive strategies
as expected from the healthy control group.

Social Feedback

In contrast to most previous fMRI-based NF studies, we
employed a feedback with direct social reward (Mathiak et al.,
2015). Previously, the satisfaction of completing the task served
as a reward in the operant conditioning procedure (Sitaram et al.,
2007). A social context was found to enhance the reward value in
NF (Goebel et al., 2004). The direct reward from the smiling face
may reduce the influence of context, making the reward value
more comparable in the group of patients with schizophrenia.
Admittedly, emotion recognition deficits have been reported
in patients with schizophrenia but hardly extend to smiling
facial expressions (Kohler et al., 2003). Unimpaired recognition
of happy emotional expression has been even documented in
avatar faces; the unambiguous smile is expected as rewarding
for the patients as for the controls (Dyck et al, 2010). In
summary, direct reward using facial expressions may enhance
the conditioning procedure and, thus, the long-term transfer
improving therapeutic benefits in patients (compare Rathod and
Turkington, 2005).

Therapeutic Implications

Cognitive deficits are directly associated with impaired social
functioning in patients with schizophrenia (Addington and
Addington, 1999; Dickerson et al., 1999), and their improvement
is of particular relevance for the course of the disorder. Even
though pharmacotherapy is the major cornerstone with regard
to the management of positive symptoms in patients with
acute schizophrenia, it does not improve residual cognitive
impairments (Keefe et al., 1999). Cognitive behavioral therapy
was found to be effective in patients with schizophrenia (Pilling
et al, 2002b; Rector and Beck, 2012), even as performed
within brief interventions (Turkington et al, 2002) as well
as in long-term follow-ups (Sensky et al., 2000; Gould et al,
2001). These approaches, however, aimed at positive symptoms,
depression, and overall symptoms only (Turkington et al., 2004).
Cognitive remediation therapy targets circumscribed cognitive
functions and thus should improve the daily functioning of

persons suffering from schizophrenia (Medalia and Lim, 2004),
but its effectiveness is still unclear [see reviews in Pilling
et al., 2002a; and the (National Institute for Clinical Excellence,
2002)]. Indeed, cognitive training may lead to the application
of compensatory strategies only but may not enhance the
specifically targeted processes. fMRI-based NF of localized brain
activity creates the possibility to directly influence specific neural
networks and simultaneously control for the achieved effects.

Limitations

All of the patients were on a stable dose of antipsychotics (seven
with a single pharmacological agent, and four with a combination
of two mostly atypical substances, see Table 1). These drugs
may block dopaminergic pathways as well as inhibit the ACC
(Holcomb et al., 1996; Miller et al., 1997), which is the area
with the highest dopaminergic innervations in the cerebral cortex
of primates (Paus, 2001). Nevertheless, normalization of ACC
activity was observed over middle- (4 weeks; Snitz et al., 2005)
and long-term (more than 6 months) treatments with atypical
antipsychotics (Braus et al., 2002). Furthermore, responses to
social reward were unaltered after a single dose of an atypical
antipsychotic (Klasen et al., 2013). Finally, cognitive therapy
usually addressed patients on antipsychotic medications, and
therefore this naturalistic sample may be more relevant to study
than a group of unmedicated patients. In addition, the present
sample is probably closer to the reality faced by clinicians in
charge of treatment of patients with schizophrenia.

The content coding scheme used here was not only developed
based on previous experiences, but also on the explicitly
reported strategies from the current group. However, during
this process the subject information was removed from the
reports. Thus, the group differences may not be explained by
an observer bias for the content code. Indeed, the choice of
strategies may be influenced by the sample strategies from the
standardized instruction during the introduction. However, the
high contributions of the social (“Mention of others”) and the
rest categories as well as reports of passive music imagery indicate
that the development of independent strategies was possible to
the participants. Future studies may attempt to make NF-naive
subjects learning ACC control without examples for explicit
cognitive strategies. However, our informal experience was that
in such a setting it may take a long time for some subjects to learn
regulatory control, and a relevant proportion may actually never
achieve to control their respective ACC activity. Therefore, we
decided to facilitate the operant condition by providing a priori
cognitive models.

As concerns the cognitive processes and neural activation
pattern during regulation, the current study did not address the
allover pattern of brain activations. Thereby, it remains elusive
whether the observed activation is causal for the ACC regulation
or merely epiphenomena. The limited volume coverage enabled
fast acquisition with a TR of 1 s However, motor areas
are not fully covered rendering connectivity analyses on this
dataset. Dysconnectivity can be considered core pathology
in schizophrenia (Friston, 2005) and therefore the effect on
connectivity self-regulation may be an important research
question for future studies.
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The number of patients in our NF study group is low, so
that the present sample possibly underlies a selection bias, and
no long-term effects have been investigated. fMRI-based NF
is a demanding technique. We pointed out to the participants
that the regulation was voluntary. However, we cannot exclude
that particular patients suffering from schizophrenia may be
suspicious with respect to techniques intending to modulate
brain activity, in particular with regard to some possible paranoid
symptoms and features. Furthermore, to remain attentive to the
paradigm over three consecutive runs on three different days
and to adhere to the experimental protocol requires a certain
degree of cognitive resources, which can be compromised in
acutely ill patients when compared to healthy controls. Within
the restrictions of such a pilot study, the clear dichotomy
between neural and cognitive strategies suggests the unmasking
of fundamentally impaired processes in these patients with
schizophrenia.

In contrast to some previous studies (e.g., Yoo et al., 2006),
the current study did not address the question whether subject
learn voluntary regulation of the ACC. Indeed, a control group
without effective NF or a good enough control condition would
be required to address this question. However, this would
render the study significantly more ambitious with the need for
twice as many patients. Further, we do not directly suggest a
therapeutic application of this technique. However, NF can be
expected to address specific dysfunctions and symptoms rather
than broad disease categories, e.g., auditory verbal hallucinations
(cf. McCarthy-Jones, 2012). Therefore, such clusters should be
selected and individual neural networks addressed that can
be expected to underlie or to influence the symptomatology.
Nevertheless, schizophrenia is characterized by complex and
individual profiles of neural dysfunctions in addition to
neuroadaptive and pharmacological effects (Gaebler et al., 2015).
We suggest performing detailed studies on NF learning and
potential target networks in well-characterized individuals may
be an important step to gather sufficient information before
conducting targeted randomized controlled trials (RCTs) with
sufficient likelihood to show relevant clinical effects.

Conclusion

In the present study, patients with schizophrenia learned to
regulate the activity of their ACC in response to social NF.

References

Adams, R., and David, A. S. (2007). Patterns of anterior cingulate activation in
schizophrenia: a selective review. Neuropsychiatr. Dis. Treat. 3, 87-101. doi: 10.
2147/nedt.2007.3.1.87

Addington, J., and Addington, D. (1999). Neurocognitive and social functioning
in schizophrenia. Schizophr. Bull. 25, 173-182. doi: 10.1093/oxfordjournals.
schbul.a033363

Alain, C., McNeely, H. E., He, Y., Christensen, B. K., and West, R. (2002).
Neurophysiological evidence of error-monitoring deficits in patients with
schizophrenia. Cereb. Cortex 12, 840-846. doi: 10.1093/cercor/12.8.840

Braus, D. F.,, Ende, G., Weber-Fahr, W., Demirakca, T., Tost, H., and Henn, F. A.
(2002). Functioning and neuronal viability of the anterior cingulate cortical
neurons following antipsychotic treatment: MR-spectroscopic imaging

NF may target neural dysregulation underlying some cognitive
impairments in patients with schizophrenia. The observation
of divergent neurophysiology and cognition during social NF
in this particular disorder emphasizes the need for orientating
therapeutic interventions to specific impaired functions in
patients with schizophrenia.

Author Contributions

JSC: Data acquisition, and
Manuscript writing;

Development of study paradigm and data analysis.
Supervision over data analysis and interpretation. Revising
the manuscript;

Contribution to design and data analysis. Revising the
manuscript;

Contributions to data collection and statistical analysis.
Revising the manuscript;

Contribution to design and data collection. Revising the
manuscript;

Contribution to design. Revising the manuscript;
Contribution to data acquisition. Revising the manuscript;
MRI support and technical support by data acquisition.
Revising the manuscript;

Conceptual supervision. Revising the manuscript;
Supervision of and conceptual contributions to study. Data
analysis and interpretation. Revising the manuscript;

data analysis interpretation.

KAM:

MD:
EMA:
T]G:

FDZ:
MK:
MZ:

RG:
KM:

All authors read and approved the final version of the
manuscript. All authors agree to be accountable for all aspects
of the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated
and resolved.

Acknowledgments

This study has been supported by the German Research
Foundation (Deutsche Forschungsgemeinschaft, DFG; IRTG
1328, MA 2631/6-1), the Federal Ministry of Education and
Research (APIC: 01EE1405B) and Faculty of Medicine, RWTH
Aachen (START program and a habilitation scholarship to
KAM). We gratefully acknowledge the participation of all our
volunteers.

in chronic schizophrenia. Eur. Neuropsychopharmacol. 12, 145-152. doi: 10.
1016/50924-977x(02)00003-2

Bray, S., Shimojo, S., and O’Doherty, J. P. (2007). Direct instrumental conditioning
of neural activity using functional magnetic resonance imaging-derived
reward feedback. J. Neurosci. 27, 7498-7507. doi: 10.1523/jneurosci.2118-
07.2007

Bush, G., Luu, P., and Posner, M. I. (2000). Cognitive and emotional influences
in anterior cingulate cortex. Trends Cogn. Sci. 4, 215-222. doi: 10.1016/s1364-
6613(00)01483-2

Caria, A., Veit, R,, Sitaram, R., Lotze, M., Weiskopf, N., Grodd, W., et al. (2007).
Regulation of anterior insular cortex activity using real-time fMRI. Neuroimage
35, 1238-1246. doi: 10.1016/j.neuroimage.2007.01.018

Carter, C. S., MacDonald, A. W. III, Ross, L. L., and Stenger, V. A. (2001).
Anterior cingulate cortex activity and impaired self-monitoring of performance

Frontiers in Behavioral Neuroscience | www.frontiersin.org

8 June 2015 | Volume 9 | Article 169


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Cordes et al.

Neurofeedback strategies in schizophrenia

in patients with schizophrenia: an event-related fMRI study. Am. J. Psychiatry
158, 1423-1428. doi: 10.1176/appi.ajp.158.9.1423

Carter, C. S., Mintun, M., Nichols, T., and Cohne, J. D. (1997). Anterior cingulate
gyrus dysfunction and selective attention deficits in schizophrenia: (150)H20
PET study during single-trial stroop task performance. Am. J. Psychiatry 154,
1670-1675. doi: 10.1176/ajp.154.12.1670

Censits, D., Ragland, J. D., Gur, R. C,, and Gur, R. E. (1997). Neuropsychological
evidence supporting a neurodevelopmental model of schizophrenia: a
longitudinal study. Schizophr. Res. 24, 289-298. doi: 10.1016/50920-
9964(96)00091-6

Collins, D. L., Neeling, P., Peters, T. M., and Evans, A. C. (1994). Automatic
3D intersubject registration of MR volumetric data in standardized Talairach
space. J. Comput. Assist. Tomogr. 18, 192-205. doi: 10.1097/00004728-
199403000-00005

deCharms, R. C., Maeda, F., Glover, G. H., Ludlow, D., Pauly, J. M., Soneji, D.,
et al. (2005). Control over brain activation and pain learned by using real-
time functional MRI. Proc. Natl. Acad. Sci. U S A 102, 18626-18631. doi: 10.
1073/pnas.0505210102

Dickerson, F., Boronow, J. J., Ringel, N., and Parente, F. (1999). Social functioning
and neurocognitive deficits in outpatients with schizophrenia: a 2-year follow-
up. Schizophr. Res. 37, 13-20. doi: 10.1016/s0920-9964(98)00134-0

Drevets, W. C., and Raichle, M. E. (1998). Suppression of regional cerebral
blood during emotional versus higher cognitive implications for interactions
between emotion and cognition. Cogn. Emot. 12, 353-385. doi: 10.
1080/026999398379646

Dyck, M., Winbeck, M., Leiberg, S., Chen, Y., and Mathiak, K. (2010). Virtual faces
as a tool to study emotion recognition deficits in schizophrenia. Psychiatry Res.
179, 247-252. doi: 10.1016/j.psychres.2009.11.004

Fornito, A., Yiicel, M., Dean, B., Wood, S. J., and Pantelis, C. (2009). Anatomical
abnormalities of the anterior cingulate cortex in schizophrenia: bridging the
gap between neuroimaging and neuropathology. Schizophr. Bull. 35, 973-993.
doi: 10.1093/schbul/sbn025

Friston, K. J. (2005). Disconnection and cognitive dysmetria in schizophrenia. Am.
J. Psychiatry 162, 429-432. doi: 10.1176/appi.ajp.162.3.429

Gaebler, A. J., Mathiak, K., Koten, J. W. Jr., Kénig, A. A., Koush, A., Weyer,
D., et al. (2015). Auditory mismatch impairments are characterized by
core neural dysfunctions in schizophrenia. Brain 138, 1410-1423. doi: 10.
1093/brain/awv049

Goebel, R., Sorger, B., Kaiser, J., Birbaumer, N., and Weiskopf, N. (2004).
BOLD Brain Pong: Self-Regulation of Local Brain Activity during Synchronously
Scanned, Interacting Subjects. Program No. 376.2 Abstract Viewer/Itinerary
Planner. Washington DC: Society for Neuroscience.

Gould, R. A., Mueser, K. T., Bolton, E., Mays, V., and Goff, D. (2001). Cognitive
therapy for psychosis in schizophrenia: an effect size analysis. Schizophr. Res.
48, 335-342. doi: 10.1016/50920-9964(00)00145-6

Habel, U., Chechko, N., Pauly, K., Koch, K., Backes, V., Seiferth, N., et al. (2010).
Neural correlates of emotion recognition in schizophrenia. Schizophr. Res. 122,
113-123. doi: 10.1016/j.schres.2010.06.009

Hamilton, J. P., Glover, G. H., Hsu, J. J., Johnson, R. F., and Gotlib, I. H.
(2011). Modulation of subgenual anterior cingulate cortex activity with real-
time neurofeedback. Hum. Brain Mapp. 32, 22-31. doi: 10.1002/hbm.20997

Harmelech, T., Preminger, S., Wertman, E., and Malach, R. (2013). The day-after
effect: long term, Hebbian-like restructuring of resting-state fMRI patterns
induced by a single epoch of cortical activation. J. Neurosci. 33, 9488-9497.
doi: 10.1523/JNEUROSCI.5911-12.2013

Holcomb, H. H., Cascella, N. G, Thaker, G. K., Medoff, D. R,, Dannals, R. F.,
and Tamminga, C. A. (1996). Functional sites of neuroleptic drug action in the
human brain: PET/FDG studies with and without haloperidol. Am. J. Psychiatry
153, 41-49. doi: 10.1176/ajp.153.1.41

Kay, S. R., Fiszbein, A., and Opler, L. A. (1987). The Positive and Negative
Syndrome Scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 261-276.
doi: 10.1093/schbul/13.2.261

Keefe, R. S., and Harvey, P. D. (2012). Cognitive impairment in schizophrenia.
Handb. Exp. Pharmacol. 213, 11-37. doi: 10.1007/978-3-642-25758-2_2

Keefe, R. S., Silva, S. G., Perkins, D. O., and Lieberman, J. A. (1999). The
effects of atypical antipsychotic drugs on neurocognitive impairment in
schizophrenia: a review and meta-analysis. Schizophr. Bull. 25,201-222. doi: 10.
1093/oxfordjournals.schbul.a033374

Kerns, J. G., Cohen, J. D., MacDonald, A. W. III, Johnson, M. K., Stenger, V. A.,
Aizenstein, H., et al. (2005). Decreased conflict- and error-related activity in the
anterior cingulate cortex in subjects with schizophrenia. Am. J. Psychiatry 162,
1833-1839. doi: 10.1176/appi.ajp.162.10.1833

Klasen, M., Zvyagintsev, M., Schwenzer, M., Mathiak, K. A., Sarkheil, P., Weber,
R, et al. (2013). Quetiapine modulates functional connectivity in brain
aggression networks. Neuroimage 75, 20-26. doi: 10.1016/j.neuroimage.2013.
02.053

Kohler, C. G, Turner, T. H,, Bilker, W. B., Brensinger, C. M., Siegel, S. J., Kanes,
S.J., etal. (2003). Facial emotion recognition in schizophrenia: intensity effects
and error pattern. Am. J. Psychiatry 160, 1768-1774. doi: 10.1176/appi.ajp.160.
10.1768

Koush, Y., Zvyagintsev, M., Dyck, M., Mathiak, K. A., and Mathiak, K. (2012).
Signal quality and Bayesian signal processing in neurofeedback based on rt-
fMRI. Neuroimage 59, 478-489. doi: 10.1016/j.neuroimage.2011.07.076

Krippendorff, K. (1970). Estimating the reliability, systematic error and
random error of interval data. Educ. Psychol. Meas. 30, 61-70. doi: 10.
1177/001316447003000105

Kurtz, M. M. (2012). Cognitive remediation for schizophrenia: current status,
biological correlates and predictors of response. Expert Rev. Neurother. 12,
813-821. doi: 10.1586/ern.12.71

Kurtz, M. M., Moberg, P. ], Gur, R. C, and Gur, R. E. (2001). Approaches
to cognitive remediation of neuropsychological deficits in schizophrenia:
a review and meta-analysis. Neuropsychol. Rev. 11, 197-210. doi: 10.
1023/A:1012953108158

Laurens, K. R, Ngan, E. T. C, Bates, A. T., Kiehl, K. A, and Liddle, P. F.
(2003). Rostral anterior cingulate cortex dysfunction during error processing
in schizophrenia. Brain 126, 610-622. doi: 10.1093/brain/awg056

Lawrence, E. J., Su, L., Barker, G. J., Medford, N., Dalton, J., Williams, S. C.,
et al. (2013). Self-regulation of the anterior insula: reinforcement learning
using real-time fMRI neurofeedback. Neuroimage 88C, 113-124. doi: 10.1016/j.
neuroimage.2013.10.069

Li, X., Hartwell, K. J., Borckardt, J., Prisciandaro, J. J., Saladin, M. E., Morgan,
P. S., et al. (2013). Volitional reduction of anterior cingulate cortex activity
produces decreased cue craving in smoking cessation: a preliminary real-time
fMRI study. Addict. Biol. 18, 739-748. doi: 10.1111/j.1369-1600.2012.00449.x

Liddle, P. F., Laurens, K. R., Kiehl, K. A., and Ngan, E. T. (2006). Abnormal
function of the brain system supporting motivated attention in medicated
patients with schizophrenia: an fMRI study. Psychol. Med. 36, 1097-1108.
doi: 10.1017/50033291706007677

Linden, D. E. J., Habes, 1., Johnston, S. J., Linden, S., Tatineni, R., Subramanian,
L., et al. (2012). Real-time self-regulation of emotion networks in patients with
depression. PLoS One 7:€38115. doi: 10.1371/journal.pone.0038115

Mathiak, K. A., Alawi, E., Koush, Y., Dyck, M., Cordes, J. S., Gaber, T. ], et al.
(2015). Social reward improves the voluntary control over localized brain
activity in fMRI-based neurofeedback training. Front. Behav. Neurosci. 9, 136.
doi: 10.3389/fnbeh.2015.00136

Mathiak, K. A., Koush, Y., Dyck, M., Gaber, T. ., Alawi, E., Zepf, F. D., et al. (2010).
Social reinforcement can regulate localized brain activity. Eur. Arch. Psychiatry
Clin. Neurosci. 260, S132-S136. doi: 10.1007/s00406-010-0135-9

Mathiak, K., and Weber, R. (2006). Toward brain correlates of natural behavior:
fMRI during violent video games. Hum. Brain Mapp. 27, 948-956. doi: 10.
1002/hbm.20234

McCarthy-Jones, S. (2012). Taking back the brain: could neurofeedback training
be effective for relieving distressing auditory verbal hallucinations in patients
with schizophrenia? Schizophr. Bull. 38, 678-682. doi: 10.1093/schbul/
sbs006

Medalia, A., and Lim, R. (2004). Treatment of cognitive dysfunction in psychiatric
disorders. J. Psychiatr. Pract. 10, 17-25. doi: 10.1097/00131746-200401000-
00003

Melcher, T., Falkai, P., and Gruber, O. (2008). Functional brain abnormalities
in psychiatric disorders: neural mechanisms to detect and resolve cognitive
conflict and interference. Brain Res. Rev. 59, 96-124. doi: 10.1016/j.brainresrev.
2008.06.003

Miller, D. D., Andreasen, N. C., O’Leary, D. S., Rezai, K., Watkins, G. L., Ponto,
L. L. B, et al. (1997). Effect of antipsychotics on regional cerebral blood
flow measured with positron emission tomography. Neuroimage 17, 230-240.
doi: 10.1016/s0893-133x(97)00042-0

Frontiers in Behavioral Neuroscience | www.frontiersin.org

9 June 2015 | Volume 9 | Article 169


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Cordes et al.

Neurofeedback strategies in schizophrenia

Minzenberg, M. J., Laird, A. R., Thelen, S., Carter, C. S., and Glahn, D. C.
(2009). Meta-analysis of 41 functional neuroimaging studies of executive
function in schizophrenia. Arch. Gen. Psychiatry 66, 811-822. doi: 10.
1001/archgenpsychiatry.2009.91

National Institute for Clinical Excellence. (2002). Clinical Guideline 1I:
Schizophrenia. Core Interventions in the Treatment and Management of
Schizophrenia in Primary and Secondary Care. London: NICE.

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9, 97-113. doi: 10.1016/0028-3932(71)90067-4
Paus, T. (2001). Primate anterior cingulate cortex: where motor control, drive and

cognition interface. Nat. Rev. Neurosci. 2, 417-424. doi: 10.1038/35077500

Penadés, R., Pujol, N., Cataldn, R., Massana, G., Rametti, G., Garcia-Rizo, C.,
et al. (2013). Brain effects of cognitive remediation therapy in schizophrenia: a
structural and functional neuroimaging study. Biol. Psychiatry 73, 1015-1023.
doi: 10.1016/j.biopsych.2013.01.017

Pilling, S., Bebbington, P., Kuipers, E., Garety, P., Geddes, J., Martindale, B.,
et al. (2002a). Psychological treatments in schizophrenia: II. Meta-analyses of
randomized controlled trials of social skills training and cognitive remediation.
Psychol. Med. 32, 783-791. doi: 10.1017/s0033291702005640

Pilling, S., Bebbington, P., Kuipers, E., Garety, P., Geddes, J., Orbach, G., et al.
(2002b). Psychological treatments in schizophrenia: I. Meta-analysis of family
intervention and cognitive behaviour therapy. Psychol. Med. 32, 763-782.
doi: 10.1017/50033291702005895

Purdon, S. R. E., Jones, B. D,, Stip, E., Labelle, A., Addington, D., David, S., et al.
(2000). Neuropsychological change in early phase schizophrenia during 12
months of treatment with olanzapine, risperidone or haloperidol. Arch. Gen.
Psychiatry 57, 249-258. doi: 10.1001/archpsyc.57.3.249

Rathod, S., and Turkington, D. (2005). Cognitive-behaviour therapy for
schizophrenia: a review. Curr. Opin. Psychiatry 18, 159-163. doi: 10.
1097/00001504-200503000-00009

Rector, N. A., and Beck, A. T. (2012). Cognitive behavioral therapy for
schizophrenia: an empirical review. J. Nerv. Ment. Dis. 200, 832-839. doi: 10.
1097/NMD.0b013e31826dd9af

Rota, G, Sitaram, R., Veit, R, Erb, M., Weiskopf, N., Dogil, G., et al. (2009). Self-
regulation of regional cortical activity using real-time fMRI: the right inferior
frontal gyrus and linguistic processing. Hum. Brain Mapp. 30, 1605-1614.
doi: 10.1002/hbm.20621

Ruiz, S., Lee, S., Soekadar, S. R., Caria, A., Veit, R., Kircher, T., et al. (2013).
Acquired self-control of insula cortex modulates emotion recognition and
brain network connectivity in schizophrenia. Hum. Brain Mapp. 34, 200-212.
doi: 10.1002/hbm.21427

Sanders, G. S., Gallup, G. G., Heinsen, H., Hof, P. R., and Schmitz, C. (2002).
Cognitive deficits, schizophrenia and the anterior cingulate cortex. Trends
Cogn. Sci. 6, 190-192. doi: 10.1016/51364-6613(02)01892-2

Scharnowski, F., Hutton, C., Josephs, O., Weiskopf, N., and Rees, G.
(2012). Improving visual perception through neurofeedback. J. Neurosci. 32,
17830-17841. doi: 10.1523/J]NEUROSCI.6334-11.2012

Sensky, T., Turkington, D., Kingdon, D., Scott, J. L., Scott, J., Siddle, R., et al.
(2000). A randomized controlled trial of cognitive-behavioral therapy for
persistent symptoms in schizophrenia resistant to medication. Arch. Gen.
Psychiatry 57, 165-172. doi: 10.1001/archpsyc.57.2.165

Sheehan, P. W. (1967). A shortened form of Betts
mental imagery. J. Clin. Psychol. 23, 386-389. doi:
4679(196707)23:3 <386::aid-jclp2270230328>3.0.c0;2-s

Sitaram, R., Caria, A., Veit, R., Gaber, T., Rota, G., Kuebler, A., et al. (2007). FMRI
brain-computer interface: a tool for neuroscientific research and treatment.
Comput. Intell. Neurosci. 2007:25487. doi: 10.1155/2007/25487

Snitz, B. E., MacDonald, A. III, Cohen, J. D., Cho, R. Y., Becker, T., and Carter,
C. S. (2005). Lateral and medial hypofrontality in first-episode schizophrenia:
functional activity in a medication-naive state and effects of short-term atypical
antipsychotic treatment. Am. J. Psychiatry 162, 2322-2329. doi: 10.1176/appi.
ajp.162.12.2322

Subramanian, L., Hindle, J. V., Johnston, S., Roberts, M. V., Husain, M., Goebel, R.,
etal. (2011). Real-time functional magnetic resonance imaging neurofeedback
for treatment of Parkinson’s disease. J. Neurosci. 31, 16309-16317. doi: 10.
1523/JNEUROSCI.3498-11.2011

Turkington, D., Dudley, R., Warman, D. M., and Beck, A. T. (2004). Cognitive-
behavioral therapy for schizophrenia: a review. J. Psychiatr. Pract. 10, 5-16.
doi: 10.1097/00131746-200401000-00002

Turkington, D., Kingdon, D., Turner, T., and Insight into Schizophrenia
Research Group. (2002). Effectiveness of a brief cognitive-behavioural therapy
intervention in the treatment of schizophrenia. Br. J. Psychiatry 180, 523-527.
doi: 10.1192/bjp.180.6.523

Watson, D., Clark, L. A., and Tellegen, A. (1988). Development and validation of
brief measures of positive and negative affect: the PANAS scales. J. Pers. Soc.
Psychol. 54, 1063-1070. doi: 10.1037/0022-3514.54.6.1063

Weiskopf, N., Scharnowski, F., Veit, R., Goebel, R., Birbaumer, N., and Mathiak,
K. (2004). Self-regulation of local brain activity using real-time functional
magnetic resonance imaging (fMRI). J. Physiol. 98, 357-373. doi: 10.1016/j.
jphysparis.2005.09.019

Wittchen, H. U., Zaudig, M., and Fydrich, T. (1996). SKID-I/-II: Strukturiertes
Klinisches Interview fiir DSM-IV. Géttingen: Hogrefe.

Yoo, S. S., O’Leary, H. M., Fairneny, T., Chen, N. K., Panych, L. P., Park, H., et al.
(2006). Increasing cortical activity in auditory areas through neurofeedback
functional magnetic resonance imaging. Neuroreport 17, 1273-1278. doi: 10.
1097/01.wnr.0000227996.53540.22

Zvyagintsev, M., Clemens, B., Chechko, N., Mathiak, K. A., Sack, A. T., and
Mathiak, K. (2013). Brain networks underlying mental imagery of auditory
and visual information. Eur. J. Neurosci. 37, 1421-1434. doi: 10.1111/ejn.
12140

questionnaire upon
10.1002/1097-

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Cordes, Mathiak, Dyck, Alawi, Gaber, Zepf, Klasen, Zvyagintsev,
Gur and Mathiak. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

10 June 2015 | Volume 9 | Article 169


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Cognitive and neural strategies during control of the anterior cingulate cortex by fMRI neurofeedback in patients with schizophrenia*-4pt
	Introduction
	Materials and Methods
	Participants
	Procedure
	Instructions and Strategies
	Analysis of Cognitive Strategies
	Data Acquisition
	On-Line Data Analysis
	Off-Line Data Analysis

	Results
	ACC Regulation
	Whole-Brain Analysis
	Cognitive Strategies

	Discussion
	Social Feedback
	Therapeutic Implications
	Limitations

	Conclusion
	Author Contributions
	Acknowledgments
	References


