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Abstract: Neurofeedback of functional magnetic resonance imaging (fMRI) can be used to acquire
selective control over activation in circumscribed brain areas, potentially inducing behavioral changes,
depending on the functional role of the targeted cortical sites. In the present study, we used fMRI-neu-
rofeedback to train subjects to enhance regional activation in the right inferior frontal gyrus (IFG) to
influence speech processing and to modulate language-related performance. Seven subjects underwent
real-time fMRI-neurofeedback training and succeeded in achieving voluntary regulation of their right
Brodmann’s area (BA) 45. To examine short-term behavioral impact, two linguistic tasks were carried
out immediately before and after the training. A significant improvement of accuracy was observed for
the identification of emotional prosodic intonations but not for syntactic processing. This evidence sup-
ports a role for the right IFG in the processing of emotional information and evaluation of affective
salience. The present study confirms the efficacy of fMRI-biofeedback for noninvasive self-regulation of
circumscribed brain activity. Hum Brain Mapp 30:1605–1614, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Recently, neurofeedback based on functional magnetic
resonance imaging (fMRI) has emerged as a promising
paradigm in cognitive neuroscience (Sitaram et al., 2007;
Weiskopf et al., 2007). Since the 1960s, researchers have
applied biofeedback techniques using electrophysiological
recordings (EEG). Evidence demonstrating that humans
can achieve control over different components of the EEG
using operant conditioning paradigms has been collected,
and a number of clinical applications reported (Birbaumer
et al., 1999; Egner and Gruzelier, 2003; Hammond, 2005;
Moore, 2000; Pop-Jordanova et al., 2005; Schenk et al.,
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2005; Scott et al., 2005; Thompson and Thompson, 1998).
For instance, self-regulation of slow cortical potentials
(SCPs) has been used to suppress epileptic seizures
(Kotchoubey et al., 2001) and has been effectively applied
to treat clinical impairments such as the attention deficit-
hyperactivity disorder (Fox et al., 2005; Fuchs et al., 2003;
Strehl et al., 2006).
By means of fMRI-biofeedback, humans can learn to

control changes of their blood oxygen level-dependent
(BOLD) signal in circumscribed brain areas (Caria et al.,
2007; Posse et al., 2003; Weiskopf et al., 2003; Yoo and
Jolesz, 2002). This technique is promising as it could be
employed to investigate the functional role of brain areas
of interest and to induce desirable behavioral effects asso-
ciated with the controlled cortical sites (Weiskopf et al.,
2004). While numerous pieces of evidence have been col-
lected on the applicability and efficacy of EEG-biofeed-
back, up to now only little research has been conducted
using fMRI (for a review, see Birbaumer, 2006). Neverthe-
less, it has been shown that it is possible to construct
systems that convey individual mental strategies into com-
mands to operate computers or electromechanical hard-
ware. Yoo and co-workers (2004) developed a brain-com-
puter interface (BCI) based on fMRI, which allowed sub-
jects to navigate through a 2D maze, solely by their
thought processes.
In the present study, we employed fMRI-neurofeed-

back to investigate whether healthy persons can learn to
self-regulate the BOLD response in the right IFG (BA 45)
and whether a voluntary increase of the signal in this
region would modulate specific aspects of language proc-
essing.
Evidence has been collected in favor of a central role of

Broca’s area in syntactic and semantic processing (Frie-
derici and Kotz, 2003; Heim, 2005). While the significance
of the left IFG has been highlighted by numerous studies
on language processing, the role of its contralateral sites
still needs to be clarified. Clinical evidence has suggested
that impairments of the left fronto-temporal network might
induce contralateral areas to take over functions previously
carried out by the homologues left-sided brain structures
(Chapman et al., 2003; Fernandez et al., 2004; Thulborn
et al., 1999; Weiller et al., 1995). Some studies have indi-
cated the recruitment of the right hemisphere during proc-
essing of emotional prosody (Friederici and Alter, 2004;
Kotz et al., 2003).
Intrigued by these findings, and encouraged by results

previously reported (Caria et al., 2007; Weiskopf et al.,
2004), we used fMRI-neurofeedback to train subjects to
control the level of activation recorded in the right IFG.
We instructed the subjects to up-regulate this brain region
while identifying emotional prosody and performing
grammaticality judgments immediately before and after
the learning-phase (i.e., the feedback training). We tested
short-term behavioral effects of up-regulation upon proso-
dic and syntactic processing by comparing the accuracy
levels and reaction times pre- and post-training.

On the basis of previous evidence (Friederici and Alter,
2004; Kotz et al., 2003), we hypothesized that an improve-
ment of performance would be observed in verbal-emo-
tional but not in syntactic processing.
The following two hypotheses were tested:

1. By means of real-time fMRI training, participants can
learn to control the level of activation in their right
IFG and voluntarily regulate it.

2. Successful up-regulation of this brain site facilitates
the identification of verbal affective information.

MATERIALS AND METHODS

Participants

Twelve matched males, German native speakers (aged
24–30 years, mean age 5 27), right handed according to
the Edinburgh Handedness Inventory (Oldfield, 1971), par-
ticipated in this study. Seven of them were trained to ac-
quire control over the BOLD signal in the right IFG by
means of real-time fMRI feedback. The remaining five
were recruited as control subjects. They received the same
instructions and underwent the same training as the exper-
imental group, but they could rely on sham-feedback in-
formation only. None of the subjects had a neurological or
psychiatric history, hearing impairment, or was on medica-
tion. Each of them had normal or corrected-to-normal
vision. Each participant gave written informed consent
and was paid for his participation in the experiment. This
study was approved by the Ethics Committee of the Medi-
cal Faculty of the University of Tübingen, Germany.

Experimental Procedure and Data Analysis

The fMRI-neurofeedback system employed was based
on a 3-T whole body scanner with a standard 8-channel
head coil (TIM Trio, Siemens, Erlangen, Germany in com-
bination with the Turbo Brain Voyager software Brain
Innovation, Maastricht, The Netherlands; Goebel, 2001)
and in-house written scripts running on Matlab 6.5 (The
Math Works, Natick, MA, USA). During the experiment,
participants were lying supine in the scanner. To minimize
movement, their head was fixed within the head coil by
means of foam rubbers. Echo-planar images (EPIs) sensi-
tive to the BOLD response covering 16 axial slices were
acquired using an echo-planar imaging sequence (EPI; TR
5 1.5 s, 64 3 64 matrix size, voxel size 5 3.3 3 3.3 3
5 mm3, slice gap 5 1 mm, effective echo time (TE) 5 30
ms, flip angle 5 708, bandwidth 5 1.954 kHz/pixel, slice
thickness 5 5 mm). The first 10 volumes of each session
were excluded from statistical analysis to allow for T1-
equilibration effects. A T1-weighted structural scan of the
whole brain was obtained for each subject and served as
anatomical reference (MPRage, matrix size 5 256 3 256,
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160 partitions, 1 mm3 isotropic voxels, TR 5 2300 ms, TE
5 3.93 ms, flip angle 5 88).
We chose the pars triangularis of the right IFG as the

target region of interest (ROI target) for the experimental
group and selected it individually by means of a func-
tional localizer run (details are given in the following sec-
tion). The ROI target was selected as a square region (6 3
6 voxels, �20 3 20 mm) centered on the area of activation.
Offline statistical analysis indicated that the ROI placement
was accurate and was reproduced across training sessions

within subjects with 1–2 voxels of displacement (mean error
1.3 6 0.4 voxels). The mean location across subjects in MNI
(Montreal Neurological Institute templates; Collins et al.,
1994) coordinates for the center of the selected ROI target
was x 5 51, y 5 18, z 5 6. We used a large reference slice
(ROI control) as control area to cancel out global changes of
activity and effects due to task-unspecific activation. During
training, the mean BOLD signal was extracted from the
ROIs. The differential BOLD response [(ROItarget 2 ROI-
control) activation blocks 2 (ROI target 2 ROI control)
baseline blocks] was transformed into the visual feedback of
varying graduations of a thermometer (see Fig. 1) and pre-
sented in real-time to the subjects with video projection.
As the time interval between the acquisition of new fMRI

data and the presentation of its feedback was sufficiently
short (about 1.5 s), subjects could monitor in real-time the
efficacy of their self-regulation. At the end of each training
session, subjects were verbally asked to report the cognitive
strategies used for both activation and baseline blocks.
The functional data were processed in real-time with the

Turbo Brain Voyager software (Brain Innovation, Maas-
tricht, The Netherlands; Goebel, 2001). Pre-processing of
the EPI data included 3D motion correction and drift re-
moval (for a detailed description of the neurofeedback sys-
tem in use in the present study, please refer to Weiskopf
et al., 2003). Offline data analysis was performed using
SPM2 (Wellcome Trust Centre for Neuroimaging, Queens
Square, London, UK) within the framework of the General

Figure 1.

An example of visual feedback displayed to the subjects during

training. (a) Feedback provided during baseline blocks. The be-

ginning of each baseline block was signaled by the symbol ‘‘1.’’

(b) Feedback presented during activation blocks. The beginning

of each activation block was signaled by the symbol ‘‘:.’’ [Color
figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 2.

Percentage of signal change recorded in the right IFG (MNI 5
51, 18, 6) across training sessions for experimental and control

groups. Bars show means and error bars indicate mean 6 1.0

standard error (SE). A significant increase of the BOLD signal in

the right IFG (r 5 0.98, N 5 4 training sessions, P 5 0.01 one-

tailed, regression analysis) across sessions was detected for the

experimental group only and suggests a learning effect. Differen-

tial activation in the ROI target for session 4 versus session 1

was observed for the experimental group only (two-tailed paired

t test, N 5 7, P < 0.05). [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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Linear Model (GLM; Friston et al., 1995). Brain Voyager
QX 1.9 (Brain Innovation, Maastricht, The Netherlands)
was used for ROI analysis. Pre-processing comprised
motion correction and normalization of the EPIs using the
MNI templates provided by the Montreal Neurological
Institute. The normalized functional images were
smoothed with a Gaussian kernel with a full width at half
maximum (FWHM) of 12 mm. First level fixed-effects anal-
yses were computed for every subject. Hemodynamic
response amplitudes were estimated using standard
regressors, constructed by convolving a boxcar function
representing the block duration, with a canonical hemody-
namic response function using standard SPM2 parameters.
Covariates derived from motion parameters were included
in the GLM (Friston et al., 1996) to suppress potential
motor artefacts. A group fixed-effects analysis was per-
formed on all the sessions separately for both experimental
and control groups (N 5 7 and N 5 5, FWE corrected, P <
0.001). Moreover, the increase of signal during activation
blocks versus baseline blocks was analyzed for the ROI
target by means of a group random effects analysis (ROI
analysis, ROI 5 right BA 45, N 5 7, P < 0.05, FDR cor-
rected) performed session by session on the experimental
group. Learning effects were investigated by testing
whether the BOLD signal increased in the ROItarget across
sessions. For both groups, sessions were numbered consec-
utively (i.e., from 1 to 4), and the session numbers were
correlated with the percentage of signal change detected in
the ROI target using a linear regression analysis. More-
over, training-related effects were evaluated by computing an
ANOVA for repeated measures for the percentage of signal
change in the ROI target across sessions for both groups.
The whole experiment consisted of three types of ses-

sions: one localizer session (refer to the Functional Local-
izer section) preceding the first training session, four train-
ing sessions (refer to the Neurofeedback training section),
and two behavioral test sessions (refer to the Behavioral
tasks section). Evaluation of attentional skills and assess-
ment of subjective emotional states were measured with
the d2 Test (Brickenkamp, 1994) and the Positive and Neg-
ative Affect Schedule (PANAS, Watson et al., 1988).

The Functional Localizer

The participants performed a localizer run before the be-
ginning of the training. A precise localization of the ROI-
target is crucial to provide subjects with effective neuro-
feedback-training. To rely on both anatomical and func-
tional references (Weiskopf et al., 2004), we used a
linguistic task that reliably activates the pars triangularis
of the right hemisphere (Dogil et al., 2004). This prosody-
unrelated task allowed us to avoid the risk of a facilitation
effect, which might have been induced by performing a
similar or strictly related task during both the localizer
and the performance-evaluation phases. The localizer ses-
sion consisted of four activation blocks, separated by five
baseline blocks, beginning and ending with a baseline

block. Every block lasted for 50 s. The stimuli consisted of
20 balanced German sentences with three syntactic constit-
uents presented visually by means of video projection.
During each activation block, 10 sentences (5 s each) were
presented without an interstimuli interval. A total of 40
sentences were presented for the whole localizer session
(total length of the session 5 7.5 min). The subjects were
instructed to read each sentence silently, to manipulate its
word order and to replace the subject noun phrase (NP)
with a hyperonym (for details on this task, see Dogil et al.,
2004). This task takes advantage of the fact that German
grammar allows for a fairly broad choice with respect to
the syntactic constituent that should be followed by the fi-
nite verb (Dogil et al., 2004). We instructed the subjects to
start each sentence by replacing the initial constituent of
the string. An example of this sentence transformation is
illustrated below:

� Der Schriftsteller wurde über seinen Roman befragt
� ‘‘The writer was about his novel questioned.’’
� The writer was questioned about his novel
� Substitution
� Über seinen Roman wurde der Schriftsteller befragt
� ‘‘About his novel was the writer questioned.’’

Neurofeedback-Training

The training consisted of four sessions, each of which
encompassed six activation blocks (50 s each) separated by
five baseline blocks (30 s each), beginning and ending with
a baseline block (length of each session 5 8.5 min). During
activation blocks, the subjects had to increase the level of
activation in the right IFG (BA 45). During baseline blocks,
they were instructed to relax by performing mental im-
agery (e.g., imagining themselves being on a beach with a
vast expanse of blue water). For both types of blocks, ex-
perimental subjects received feedback of the differential
BOLD signal detected in the ROI target (BOLD signal in
the ROI target minus BOLD signal in the ROI control).
Control subjects received sham feedback based on signals
taken from other brain areas. Areas that were used to
extract sham-feedback included the parahippocampal
place area (PPA) and the posterior cingulate cortex. The
symbols ‘‘:’’ and ‘‘1’’ were presented on the left side of
the thermometer to signal the beginning of each activation
or baseline block, respectively (see Fig. 1). The same writ-
ten information explaining the methodology of fMRI-neu-
rofeedback, with examples of cognitive strategies was pro-
vided to experimental and control subjects. Subjects were
instructed to monitor online changes of the visual feedback
and learn to acquire control over the signal, increasing the
level of activation displayed by the thermometer during
activation blocks. For the experimental group, achieving
this goal implied finding suitable mental strategies that
could reliably increase the level of activation in the right
pars triangularis.
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Behavioral Tasks

Stimuli belonging to two behavioral tasks were divided
into two balanced sets (A and B), each of which was per-
formed either before or after the training, in a random but
balanced way across subjects. For half of the subjects, the
order A-B was adopted and for the other half the order B-
A. At the end of the training-phase, subjects were
instructed to focus on the cognitive strategies previously
successfully adopted and to continuously up-regulate BA
45 while carrying out the two tasks. No feedback on brain
self-regulation was provided to the subject in this phase.
Identification of emotional prosody was used to test

short-term training effect on prosodic processing. This task
consisted of four sets of German sentences belonging to
the Tübingen Affect Battery (Breitenstein, 1996), describing
happy, sad, angry, or neutral scenarios, for a total of 16
samples. Each sentence was read by a professional actress
with sad, happy, angry, and neutral emotional intonations,
producing a total of 64 samples. The strings lasted 2 s and
were randomly presented. The participants listened to a
sentence at once and were instructed to identify its emo-
tional intonation in the shortest time possible, within a 4-s
limit. Prosody judgments were performed by button press-
ing (i.e., selecting from a four-button device the key corre-
sponding to the intended emotional intonation). A fixed
inter-trial interval of 12 s was chosen. At the end of the
session, subjects were debriefed, and their ability to hear
and understand the auditory presented stimuli was con-
firmed.
Speeded grammaticality judgments were used to test

short-term training effects on syntactic processing. The
stimuli consisted of 48 balanced German sentences belong-
ing to three sets: ambiguous, incorrect, and correct senten-
ces. The sets of sentences were approximately the same
length and were randomly presented. To control for read-
ing strategies, the strings were provided to the subjects in
a segmented and successive manner, and each word was
presented visually for 400 ms. The subjects could view just
one word at a time and were instructed to perform gram-
maticality judgments (Meng and Bader, 2000). The critical
segment for deciding about grammatical correctness
always appeared at the end of each string. After the pre-
sentation of the last segment, a question mark signaled to
the subjects that they should judge the correctness of the
preceding sentence. The judgment task was carried out by
button pressing (i.e., right button for correct and left but-
ton for incorrect sentences). Subjects were instructed to
carry out grammaticality judgment in the shortest time
possible, within a 4-s limit. An intertrial interval of 12 s
was chosen.
A previous fMRI investigation indicated that the identifi-

cation of emotional prosody, as required by the task here
adopted, relies on the activation of a bilateral cortical net-
work that includes the right IFG (Rota et al., 2008). On the
other hand, no involvement of this brain region was
observed for the grammaticality judgment task (Rota,

unpublished doctoral dissertation). The tasks were
matched for difficulty (Rota, unpublished doctoral disser-
tation). The mean expected accuracy for the prosody iden-
tification task was 73% 6 9% (mean accuracy 6 SD); the
mean reaction times were 2966.3 6 353.8 ms (mean RT 6
SD), and for the grammaticality judgment task 70% 6 10%
(mean accuracy 6 SD) and 1307.8 6 435 ms (mean RT 6
SD).
For each task, we measured levels of accuracy and reac-

tion times pre- and post-training. Stimulus presentation
and collection of responses were carried out using the E-
prime 1.1 software (Schneider et al., 2002). Statistical analy-
sis of the behavioral data was performed with the statisti-
cal package SPSS 14.0 (SPSS Inc., Chicago, IL).

RESULTS

All experimental subjects achieved voluntary differential
up-regulation of the activation-level recorded in the ROI
target, as requested by the task. A progressive increase of
the level of activation in the right BA 45 (mean center of
activation in MNI coordinates 5 51, 18, 6) across training
sessions suggests a learning effect (r 5 0.98; N 5 4 ses-
sions, P 5 0.01 one-tailed; linear regression, see Figs. 2 and
3). A similar but not significant trend was observed for the
control group (r 5 0.82; N 5 4 sessions; P 5 0.08 one-
tailed, linear regression).
Increased differential activation (calculated for up-regu-

lation blocks minus rest) in the ROI target across sessions
was observed for the experimental group [repeated meas-
ures ANOVA, F(3,18) 5 6.379, P 5 0.004] but not for the
control group [repeated measures ANOVA, F(3,12) 5
0.216, P 5 0.883]. For the experimental group only, fixed-
effects analyses showed an increased level of activation
from session 1 (N 5 7, FWE corrected, no activation
observed, P < 0.001) to session 4 (N 5 7, FWE corrected,
t 5 6.96, P < 0.001). Random effects analyses on the exper-
imental group confirmed the results of the fixed-effects
analyses by showing an increased level of activation for
the ROI target from session 1 (ROI analysis, ROI 5 right
BA 45, N 5 7, no activation observed, P < 0.05, FDR cor-
rected) to session 4 (ROI analysis, N 5 7, t 5 3.43, P <
0.05, FDR corrected). A stable activation across sessions
was detected in the large reference area for both groups
[(experimental group: y 5 0.04 (mean 6 0.04% SD of sig-
nal-change across sessions); control group: y 5 0.01 (mean
6 0.15% SD of signal-change across sessions)].
Besides the ROI target (see Fig. 3), a number of coacti-

vated brain loci were observed (N 5 7, random effect anal-
ysis, P < 0.03, uncorrected). A small activation cluster
(voxels 5 6) was found on the left Rolandic operculum
(t 5 2.59, MNI 5 242, 6, 15) during the first training ses-
sion. The insula was activated bilaterally (BA 13, t 5 7.05,
MNI 5 33, 12, 12 and t 5 3.69, MNI 5 233, 12, 12) during
the second session. The superior frontal gyrus (BA 9, t 5
4.29, MNI 5 57, 18, 27), the supplementary motor area (BA
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6, t 5 2.33, MNI 5 248, 0, 39), and the Putamen (t 5 3.04,
MNI 5 21, 3, 23) were activated during the third session.
The supplementary motor area (BA 6), the insula bilater-
ally, the left superior temporal gyrus (BA 22), the left mid-
dle frontal gyrus (BA 9), the anterior cingulate cortex
(ACC, BA 32), and the cerebellum were activated during
the last training session (Table I).
Each of these brain sites was checked for a monotonic

increase in activation along sessions of training. For none
of these clusters, a significant trend was observed. The ab-
sence of a clear monotonic increase of BOLD signal across
sessions supports the hypothesis that activation in these
areas does not reflect a training-related effect.
When debriefed, subjects reported strategies connected

to speech, such as imagination of lecturing before a class
of students, arguing scenes and debates. Other strategies
included imagined singing, imagined recitation of poems,
and recalling old conversations with friends.
Experimental subjects correctly identified 70% 6 13%

(mean 6 SD) of the affective prosodic stimuli before the
beginning of the training and 84% 6 15% (mean 6 SD) af-
ter it. Statistical analysis showed a significant difference
between the two sets of scores (two-sided Wilcoxon
signed-rank test, P 5 0.01). Pre-training RTs were 3,455.7
6 317.2 ms (mean 6 SD), and post-training RTs were
2,926.3 6 548.5 ms (mean 6 SD). Statistical analyses
showed no significant difference between the two sets of
scores (tested for normality, Shapiro-Wilks test, two-sided
paired t test, P 5 0.05). With respect to the grammaticality
judgment task, experimental subjects achieved 49% 6 26%
(mean 6 SD) of accuracy before the training and 41% 6

29% (mean 6 SD) after it. Statistical analysis revealed no
significant difference between the two levels of accuracy
(two-sided Wilcoxon signed-rank test, P 5 0.55). Pre-train-
ing RTs were 1547.6 6 357.4 ms (mean 6 SD), and post-
training RTs were 1186.7 6 558.9 ms (mean 6 SD). Statisti-
cal analyses showed no significant difference between the
two sets of scores (tested for normality, Shapiro-Wilks test,
two-sided paired t test, P 5 0.08). For a summary of the
results obtained by the experimental subjects, see Figure 4.
Control subjects identified 74% 6 14% (mean 6 SD) of

the affective prosodic stimuli before the beginning of the
training, and 78% 6 16% (mean 6 SD) after it. No signifi-
cant difference between the two sets of scores was found
(two-sided Wilcoxon signed-rank test, P 5 0.71). Pre-train-
ing RTs were 3613.5 6 282.2 ms (mean 6 SD) and post-
training RTs were 3280 6 541.2 ms (mean 6 SD). Statistical
analyses showed no significant difference between the two
sets of scores (tested for normality, Shapiro-Wilks test,
two-sided paired t test, P 5 0.15). With respect to the
grammaticality judgment task, control subjects correctly
identified 66% 6 10% (mean 6 SD) of the stimuli before
the training and 56% 6 21% (mean 6 SD) of the stimuli
after the training. Statistical analysis revealed no signifi-
cant difference between the two sets of scores (two-sided
Wilcoxon signed-rank test, P 5 1). Pre-training RTs were
1410.1 6 526.1 ms (mean 6 SD) and post-training RTs
were 1057.3 6 623.8 ms (mean 6 SD). No significant dif-
ference between the two sets of scores was observed
(tested for normality, Shapiro-Wilks test, two-sided paired
t test, P 5 0.26). Details are given in Figure 5.

DISCUSSION

In the present study, we tested the hypothesis that
humans can learn to volitionally increase the BOLD
responses locally in the pars triangularis of the right IFG.
In all experimental subjects, the level of activation re-
stricted to the right BA 45 increased across training ses-
sions. This result indicates a progressive learning effect
and suggests that real-time fMRI-biofeedback is an effec-
tive tool for noninvasively manipulating localized brain ac-
tivity. Even though both experimental and control subjects
were provided with the same strategy guidelines, their ef-
ficacy in up-regulating the ROI target greatly differed. The
unavailability of genuine feedback information made it
impossible for the control group to evaluate the efficacy of
the ongoing regulation process, thus presumably impeding
the learning process.
The comparison of performances in the two tasks pre-

and post-training suggests that up-regulation of BA 45 cor-
relates to a specific improvement in detecting and identify-
ing emotional prosodic intonations. This effect was not
observed for the control group. The findings of the present
study suggest that the right IFG plays an important func-
tion in mediating the understanding of a speaker’s emo-
tional state and intentions.

TABLE I. Activation sites under voluntary control as

effect of the training process

Brain site,
Brodmann’s area

Coordinates,
MNI z value

IFG (BA 45), R 51, 18, 6 2.87
SMA (BA 6), L 242, 26, 42 4.52
SMA (BA 6), R 57,23, 42 3.95
MFG, (BA 9), L 251, 9, 30 3.59
ACC ( BA 32), R 3, 21, 42 5.06
Cerebellum, L 26, 251, 233 4.49
STG (BA 22), L 260, 239, 2 3.39
Insula, L (BA 13) 242, 12, 3 7.27
Insula, R 45, 6, 4 3.83

The table shows brain sites differentially activated during the last
session as a result of the real-time BOLD training. We listed for
each brain site the corresponding Brodmann’s areas and MNI
coordinates. The table depicts z values for each activated brain
site observed (random effect analysis over the last session of train-
ing, N 5 7, P < 0.03, uncorrected). We used the WFU PickAtlas
(Tzourio-Mazoyer et al., 2002) implemented in SPM to perform an-
atomical labelling of brain activations.
L, left hemisphere; R, right hemisphere; BA, Brodmann’s area;
IFG, inferior frontal gyrus; ACC, anterior cingulate cortex; SMA,
supplementary motor area; MFG, medial frontal gyrus; STG, supe-
rior temporal gyrus.
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So far, the role played by the right hemisphere, and spe-
cifically by the right BA 45, with respect to language proc-
essing has been marginally explored. The predominance of
the left hemisphere for a multitude of linguistic aspects has
been highlighted by numerous clinical studies, starting with
the pioneering works by Broca and Wernicke. Further em-
pirical evidence has been accumulated as neuroimaging
tools have been developed (for a review, see Démonet
et al., 2005). However, the puzzle posed by the right hemi-

sphere is far from being solved, and conclusions about
hemispheric specializations and their role for the processing
of distinct linguistic components are far from being drawn.
Important insights have been provided by a number of

clinical neurolinguistic studies. Musso and co-workers
(1999) used Positron Emission Tomography (PET) to inves-
tigate short-term cortical changes correlated to recovery
from Wernicke’s aphasia. A functional reorganization of

Figure 4.

Up-regulation of the right IFG: behavioral effects for the experi-

mental group. Mean levels of accuracy for grammaticality judg-

ments and prosody identification preceding and following BOLD-

feedback training are shown. A significant improvement was

observed for detection of affective intonations only (two-sided

Wilcoxon signed-rank test, P < 0.05). Bars show means accuracy

levels, and error bars indicate mean 6 1.0 SE. [Color figure can be

viewed in the online issue, which is available at www.interscience.

wiley.com.]

Figure 5.

Up-regulation of the right BA 45: behavioral effects for the con-

trol group. Mean levels of accuracy for grammaticality judgments

and identification of prosodic intonations preceding and follow-

ing BOLD-feedback training are shown. No significant difference

was observed for grammaticality judgments (two-sided Wilcoxon

signed-rank test, P 5 1) and for identification of affective pros-

ody (two-sided Wilcoxon signed-rank test, P 5 0.71). Bars show

levels of means accuracy, and error bars mean 6 1.0 SE. [Color

figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 3.

Cortical activation maps of the learning effect obtained by the

experimental group across training sessions. Statistical paramet-

ric maps are based on a random effects analysis, N 5 7, P <
0.05 (uncorrected for visualization). ROI target activation maps

are displayed on a single subject T1 template (MNI coordinate z

5 18) using a spatial mask (mask 5 right BA 45) constructed

with the WFU-PickAltas (Maldjian et al., 2004, 2003) imple-

mented in SPM2. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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the brain network and the recruitment of contralateral
brain sites were described as key factors for the restoration
of lost speech abilities.
Real-time fMRI feedback offers the possibility of explor-

ing whether the language system can be separately modu-
lated and whether behavioral domain-specific effects are
triggered by this cognitive control. To our knowledge, our
study is the first to address these important topics by
using BOLD biofeedback.
Diverging conceptualizations exist with respect to the

lateralization of prosodic processing in the brain (Gandour,
2000). Coexistence of multiple phonetic cues (such as dura-
tion and pitch) and disparate functions (affective, linguis-
tic, etc.) for the speech signal makes it arduous to isolate
the neuronal substrate of speech prosody and might be the
source of contradictory evidence about its brain mapping.
A widely supported conceptualization highlights the domi-
nant engagement of the right hemisphere in assessing
emotional prosody regardless of valence (Dogil, 2003;
Wildgruber et al., 2005). In a carefully designed experi-
ment, Gandour and colleagues, (2003) dissociated the neu-
ral circuits responsible for the processing of emotional and
linguistic components of prosodic speech. The researchers
took advantage of the fact that in Chinese, both intonation
(either statement or question) and emotional cues can be
signaled through prosody. Gandour and colleagues
reported the exclusive recruitment of prefrontal regions
(including the IFG) of the right hemisphere during the
processing of emotional prosody. Ross (1981) examined
patients affected by focal right hemisphere damage, whose
ability to comprehend affective prosody was impaired,
and formalized the concept of aprosodic syndromes. Con-
sistent with these observations, further clinical studies
have suggested that individuals affected by right hemi-
sphere lesions show ‘‘a more pervasive insensitivity to
emotive features of prosodic stimuli,’’ (Pell, 2006) and a
reduced decoding capacity for emotional aspects of prosody
(Pell, 2007). Winhuisen and colleagues (2005) conducted an
experiment on post-stroke aphasic patients and utilized re-
petitive Transcranial Magnetic Stimulation (rTMS) to selec-
tively suppress left and right IFG activations during a
speech task. By analyzing the patients’ responses to both
conditions, the authors concluded that for some of the post-
stroke aphasics examined right IFG activation is essential to
carry out residual language functions.
The findings of our experiment support this evidence

and are consistent with a number of studies that indicate
the involvement of the right IFG in the processing of pro-
sodic features for auditorily presented stimuli (Friederici
and Alter, 2004; Kotz et al., 2003). Following these lines,
BOLD-biofeedback training could potentially be used to
stimulate and strengthen linguistic abilities connected to
emotional processing.
The possibility of facilitating the processing of emotional

speech appears to be of particular interest for a number of
clinical applications. As reported by Hoekert and col-
leagues (2007), deficits in the processing of emotional cues

conveyed by speech are among the most pervasive distur-
bances in psychosis. Clinical evidence suggests that schizo-
phrenia correlates with an abnormally reduced cerebral
blood volume (Brambilla et al., 2007), and hypofunctioning
of the prefrontal cortices (Snitz et al., 2005). Interestingly,
the recognition of emotion from prosodic stimuli is also
compromised in patient suffering from major depression.
Depressed patients are biased in their interpretation of
neutral emotions (for both prosody and faces) and tend to
attribute a negative valence to them (Kan et al., 2004). de
Asis and colleagues (2001) found hypoactivation in hippo-
campal regions and in the dorsal ACC for patients with
unipolar mood disorder. Pieces of evidence have sug-
gested that a reduced blood flow, particularly in the pre-
frontal regions, could be the source of executive impair-
ments in depression (Fossati et al., 2002; Schlosser et al.,
2007).
Presumably, these brain sites could be targeted as loci of

self-regulation, and neurofeedback aids could be employed
to normalize hypofunctioning cortical networks. To what
extent real-time fMRI-biofeedback might benefit the treat-
ment of clinical disorders such as schizophrenia and
depression and facilitate the improvement of cognitive
and/or behavioral performances in healthy subjects is an
important topic of investigation that needs to be clarified
by future research.
The comparison of the performances in the two tasks

pre- and post-training showed no significant differences
for syntactic processing. We registered low accuracy levels
for grammaticality judgments for all subjects.
Dual task processing (i.e., simultaneous self-regulation

and performance of a behavioral task) might influence
negatively behavioral performances. Weiskopf and col-
leagues (2004) documented this phenomenon as they
investigated the effects of PPA up-regulation in a memory
task. The subjects were trained to differentially up-regulate
the PPA and downregulate the SMA and vice versa. There
was a strong interference effect during PPA-up/SMA-
down but not during SMA-up/PPA-down. Contrary to the
expectations, the increase of activation in the PPA
decreased the performances during a memory task. On the
other hand, no interference was observed during the SMA
up-regulation (i.e., the strategies used to up-regulate the
SMA, like motor imagery, were not in conflict with the
encoding of information).
The grammatical task used in our experiment required a

high working-memory load: the sentences were presented
in a fragmented and successive manner, and subjects
needed to remember each word (for a total of �14 words)
to judge grammaticality. Subjects engaged in the up-regu-
lation and simultaneously performed this task before and
after training. Most subjects used strategies for up-regula-
tion closely connected to speech and language processing.
Presumably, this grammatical task was too resource-
demanding to be performed together with regulation. The
results of this task do not allow us to draw any conclu-
sions with respect to the effects of the IFG up-regulation
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upon syntactic processing. However, they provide impor-
tant information for future research with fMRI-neurofeed-
back. The present data suggest that while testing behav-
ioral effects of brain regulation, particular effort should be
placed on choosing tasks of low complexity (i.e., that
require low working-memory and/or attentional load) to
avoid possible interference effects. Testing behavioral per-
formances of regulation during separate sessions should
be considered as an alternative option.

CONCLUSIONS

The present study indicated that by using BOLD-neuro-
feedback, subjects can achieve voluntary control over acti-
vation in the right IFG. A correlation between its exerted
local up-regulation and the improvement of performance
during the detection of emotional intonations is suggested.
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