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Abstract

A brain–computer interface (BCI) based on real-time functional magnetic resonance imaging (fMRI) is presented which allows human
subjects to observe and control changes of their own blood oxygen level-dependent (BOLD) response. This BCI performs data preprocessing
(including linear trend removal, 3D motion correction) and statistical analysis on-line. Local BOLD signals are continuously fed back to
the subject in the magnetic resonance scanner with a delay of less than 2 s from image acquisition. The mean signal of a region of interest
is plotted as a time-series superimposed on color-coded stripes which indicate the task, i.e., to increase or decrease the BOLD signal. We
exemplify the presented BCI with one volunteer intending to control the signal of the rostral–ventral and dorsal part of the anterior cingulate
cortex (ACC). The subject achieved significant changes of local BOLD responses as revealed by region of interest analysis and statistical
parametric maps. The percent signal change increased across fMRI-feedback sessions suggesting a learning effect with training. This
methodology of fMRI-feedback can assess voluntary control of circumscribed brain areas. As a further extension, behavioral effects of local
self-regulation become accessible as a new field of research.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Voluntary regulation of electrical brain activity can be
achieved by on-line feedback training of a particular com-
ponent of the electroencephalogram (EEG; Birbaumer et al.,
1990). Physiological self-regulation of electrical brain ac-
tivity produces specific behavioral effects dependent upon
the functional role of the regulated brain area; for instance,

voluntary regulation of sensorimotor areas increased tactile
sensitivity or decreased reaction time in a motor task locally
for one hemisphere (Birbaumer et al., 1990; Rockstroh et
al., 1990). Feedback training of slow cortical potentials was
used to suppress seizures in intractable epilepsy (Kot-
choubey et al., 2001) and to enable paralyzed patients to
communicate via brain potentials by selecting letters and
words using a brain–computer interface (BCI; Birbaumer et
al., 1999).

There is increasing evidence for a strong correlation
between the blood oxygen level-dependent (BOLD) signal
measured by functional magnetic resonance imaging
(fMRI) and electric brain activity, in particular local field
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potentials (e.g., Logothetis et al., 2001; Arthurs and Boni-
face, 2002). Moreover, studies combining fMRI with EEG
showed correlations between the amplitude and localization
of the electric generators and localized BOLD signal
changes (e.g., Ball et al., 1999; Arthurs et al., 2000).

During recent years, fMRI data acquisition and process-
ing techniques have improved considerably. Increased im-
age-encoding gradient power and higher magnetic field
strength allow for fast image encoding with an adequate
signal-to-noise ratio (SNR). In addition, faster computers
and data processing software can reconstruct images and
perform statistical analysis in real-time, e.g., recursive cor-
relation analysis (Cox et al., 1995), parallelized on-line
analysis (Goddard et al., 1997), functional scout using MR
receiver phase cycling (Goodyear et al., 1997), intraopera-
tive real-time fMRI (Gering and Weber, 1998), real-time
paradigm control (Voyvodic, 1999), on-line motion correc-
tion (Cox and Jesmanowicz, 1999), increased BOLD sensi-
tivity by reference vector optimization (Gembris et al.,
2000), cortex-based analysis and visualization (Goebel,
2001), robust on-line motion correction (Mathiak and Posse,
2001), single-event related real-time fMRI (Posse et al.,
2001), and real-time multiple linear regression (Smyser et
al., 2001).

Encouraged by the progress in real-time data processing
and the new knowledge on the coupling of neuroelectric and
BOLD signals, we aimed at transferring the concept of
on-line feedback of electric brain signals to BOLD signals,

because the high spatial resolution of fMRI could be used to
provide feedback of circumscribed brain regions.

Two recent studies applied different types of delayed
feedback (by approx. 60 s) of fMRI signals. One study
suggests that visual feedback of functional brain activation
maps can guide subjects to adjust their motor behavior in
order to expand activation in the motor and somatosensory
cortex (Yoo and Jolesz, 2002). The other study provided the
subjects with feedback of the BOLD signal change in the
amygdala–hippocampal area based on the experimenter’s
rating following a negative mood induction task combined
with presentation of neutral and sad faces (Posse et al.,
2003). Effects related to the visual presentation of facial
expressions could not be separated from the effects of the
feedback. In comparison with these studies, the present
methodological study emphasized the immediate feedback
of local BOLD signals, because previous studies on feed-
back of EEG (Mulholland et al., 1979; Rockstroh et al.,
1990) indicated that minimum delays between response and
feedback facilitate self-regulation.

To this end, a fMRI-BCI was developed which allows
human subjects to observe the changes of the BOLD signal
in specific brain regions in real-time with a delay of less
than 2 s from the acquisition of the magnetic resonance
image. To exemplify the feasibility of on-line feedback and
physiological regulation of the BOLD signal, one healthy
subject was trained to increase and decrease the BOLD
signal of the anterior cingulate cortex (ACC). From ana-

Fig. 1. Setup of the fMRI brain–computer interface. Images are acquired and reconstructed on-line by the clinical MRI system (1.5 T, Siemens Magnetom
Sonata). Turbo-Brain Voyager (Goebel, 2001) performs statistical analysis and visualization on a separate personal computer, which retrieves the images from
the scanner console via a Samba connection (Eckstein et al., 1999) as soon as they are reconstructed. Data transfer, preprocessing (including linear trend
removal and 3D motion correction), statistical analysis, and display of feedback are performed on-line with a delay of less than 2 s with respect to image
acquisition.
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tomical and neuroimaging studies two major subdivisions of
the ACC can be distinguished, which possibly subserve
distinct functions: the dorsal “cognitive” division (ACcd)
and the rostral–ventral “affective” division (ACad; Bush et
al., 2000). Due to their involvement in different functional
neural networks, physiological self-regulation could be ap-
plied to study cognitive and emotional parameters, e.g.,
emotional valence or arousal, dependent upon differential
activation of the two subdivisions. We presented discrete
feedback of ACcd and ACad to the volunteer in order to
assess the possibility to control the BOLD-response of these
brain areas. Additionally, effects of self-regulation of the
BOLD-response on subjective feelings of valence (pleasent-
ness) and arousal during feedback training were studied.
Previous imaging work has identified a correlation between
arousal and the BOLD signal in the ACC (e.g., Paus, 2001;
Critchley et al., 2001).

Overview of the method

To obtain exemplary data, one healthy right-handed sub-
ject (male, age 28) was trained to voluntarily control the
local BOLD signal of the anterior cingulate cortex (ACC)
using the fMRI brain–computer interface. Informed written
consent was obtained prior to the study in accordance with
the local ethics committee.

fMRI data acquisition and on-line data processing

The fMRI brain–computer interface (BCI) used for feed-
back of regional BOLD signals was based on Turbo-Brain-
Voyager (Brain Innovation, Maastricht, The Netherlands;
Goebel, 2001) and a 1.5 T whole body scanner with stan-
dard head coil (Magnetom Sonata, Siemens, Erlangen, Ger-
many). After on-line reconstruction by the scanner hard-
ware, the images were stored in mosaic file format (Klose et
al., 1999). File names were numbered in ascending order
and accessed via a Samba connection (Eckstein et al., 1999)
by a personal computer with Windows 98 SE operating
system (Microsoft Corporation, Redmond, WA, USA). On
this computer, Turbo-BrainVoyager retrieved the files ac-
cording to their numbering as soon as they were created by
the image reconstruction system. It performed data prepro-
cessing, statistical analysis, and BOLD signal feedback in
real-time. Fig. 1 illustrates the technical setup and data flow.

Preprocessing of the data included incremental linear

detrending of the time-series and 3D motion correction, i.e.,
all subsequent functional imaging volumes were realigned
to the first recorded volume as they became available during
the scan using a rigid body transformation. Correlation
analysis was performed cumulatively using the recursive
least squares regression algorithm (Pollock, 1999). Linear
detrending was implemented by adding a linear predictor as
a confound to the general linear model (GLM). To visualize
the fMRI data, incrementally updated correlation maps were
presented (Fig. 2a) and the average signals of two box-
shaped regions of interest (ROI)—each encompassing one
subdivision of the anterior cingulate cortex (ACC)—were
plotted as time courses superimposed over the color-coded
background indicating the task (Fig. 2b). Head motion was
determined on-line and presented to the subject in order to
alleviate the control of head movements.

As a trade-off between adequate spatial coverage, high
BOLD contrast by using an optimum echo time (Gati et al.,
2000), and imaging speed, 16 parasagittal slices were ac-
quired using an echo-planar imaging sequence (EPI; repe-
tition time TR � 1.5 s, matrix size � 64 � 64, voxel size
� 3.75 � 3.75 � 4 mm3, reduced to 3 � 3 � 4 mm3 for
sessions 4–8, slice gap � 1 mm, effective echo time TE �
45 ms, flip angle � � 70°, bandwidth � 1.3 kHz/pixel). The
first five volumes of each session were excluded from sta-
tistical analysis to account for T1 equilibration effects. The
subject was in supine position on the padded scanner couch
and wearing hearing protection with built-in headphones. In
order to reduce movements, the participant’s head was pad-
ded with two foam cushions at both sides. The volunteer
was a member of the laboratory, experienced in participa-
tion in fMRI studies, and was aware of the necessity to
avoid moving any parts of the body, in particular the head.
For superposition of functional activations over anatomical
details, a high resolution T1-weighted structural scan of the
whole brain was obtained (FLASH 3D, matrix size � 256 �
256, 176 partitions, 1 mm3 isotropic voxels, TR � 14 ms,
TE � 5.6 ms, � � 25°).

Feedback task

During feedback sessions, the average BOLD signals
from two regions of interest (ROI) encompassing the ros-
tral–ventral (ACad) and dorsal (ACcd) ACC were presented
to the subject by video projection (visual field 7° � 10° at
1.2 m distance). Monitoring the continuously updated time-
series (Fig. 2b), the subject should control the regional
BOLD signals in two different conditions. During activation

Fig. 2. Displays of real-time analysis software. (a) Correlation maps were superimposed over the sagittal EPI images and updated continuously within 2 s
after image acquisition. In the median slice, the selected regions of interest (ROI) encompassed the dorsal (green box) and the adjacent rostral–ventral (red
box) subdivision of the anterior cingulate cortex (ACC). (b) Upper two panels: the paradigm was presented by grey (baseline) and green stripes (activation,
i.e., signal increase) with the BOLD signal time course superimposed (white curve; upper panel: rostral–ventral ACC, middle panel: dorsal ACC). Increase
of BOLD signal moved the white curve upward during activation blocks. Lower panel: head motions were detected and corrected. Six motion parameters
(translation in mm and rotation in degrees) were displayed on-line.

580 N. Weiskopf et al. / NeuroImage 19 (2003) 577–586



blocks he had to increase the BOLD signals, i.e., raise the
signal curves, and during baseline blocks he had to decrease
the BOLD signal, i.e., return the signal curves to the pretask
level. To inform the subject about the current task, the two
different types of blocks were presented as stripes of two
different colors (Fig. 2b). These stripes served as back-
ground of the BOLD signal time-series. Each activation
block (60 s) was preceded by a baseline block (60 s). Each
feedback session comprised four pairs of activation and
baseline blocks. The subject participated in two experiments
comprising three and five sessions, respectively.

An established non–verbal pictorial technique (Bradley and
Lang, 1994) assessed the affective state after each session;
separately for activation and baseline blocks, the participant
rated his affective state on two scales representing emotional
valence and arousal. The scales ranged from 1 (negative
valence/low arousal) to 9 (positive valence/high arousal).

The participant was not instructed to use a particular
strategy to control the BOLD signal, but reported the mental
strategy he had used after the fMRI experiment.

Off-line data analysis

In addition to the on-line data processing, off-line ROI
analysis of ACcd and ACad was performed in order to
quantify the amount of voluntary control of the BOLD
signal. Moreover, statistical parametric mapping across the
entire volume assessed the neural correlate of physiological
self-regulation and determined the anatomical specificity of
the BOLD-response.

Employing the fMRI analysis package SPM99 (Well-
come Department of Cognitive Neurology, Queens Square,
London, UK), EPI scans were corrected for motion and
coregistered to the T1-weighted structural image (Friston et
al., 1995). This structural image was spatially normalized to
an anatomical template and the same nonlinear transforma-
tion was applied to the EPI images which were resampled
with a voxel size of 2 � 2 � 2 mm3 (Ashburner and Friston,
1999). The anatomical template provided by the Montreal
Neurologic Institute (MNI template; Collins et al., 1994)
can be transformed (Brett et al., 2001) into the stereotaxic
space described in the atlas of Talairach and Tournoux
(Nowinski et al., 1997). After normalization, EPI images
were spatially smoothed using a Gaussian kernel with
10 mm full width at half maximum (FWHM) to condition
for random field theory which was applied to correct for
multiple comparisons in statistical parametric mapping
(Worsley and Friston, 1995).

To account for drifts and autocorrelations of the fMRI
signal, the time-series of each voxel was high-pass (cut off
period set to twice the duration of the activation and base-
line block) and low-pass filtered (Gaussian, FWHM � 4 s).
A general linear model (GLM) was applied to the time-
course of each voxel (Worsley and Friston, 1995). A box-
car reference function modeled the activation blocks. To

account for neurovascular coupling and its delay with re-
spect to neural activity, the reference function was con-
volved with a canonical hemodynamic response function
(bi-gamma function with 6 s peak-delay) and its time de-
rivative. In order to suppress artifacts caused by head mo-
tion, covariates derived from motion parameters (six per
scan) were included into the GLM (Friston et al., 1996).
They consisted of movement estimates obtained at the time
of the current scan and the previous scan and their squared
values (4 � 6 � 24 covariates).

Statistical parametric maps reflected the signal increase
and decrease during activation as compared to baseline
blocks for each session separately. This analysis allowed to
explore the data for potential learning effects, i.e., increases
of signal change across sessions. The average change in
brain activity across all sessions was analyzed using a fixed
effect analysis. Statistical inference was based on the result-
ing t statistics for each voxel and corrected for multiple
comparisons by applying the theory of random Gaussian
fields (Worsley et al., 1996). Activation clusters exceeding
a spatial extent of 100 voxels (0.8 ml) at a voxel-wise
threshold of P � 0.05 (volume-corrected) were considered
significant.

Quantitative analysis was based on two regions of inter-
est (Devinsky et al., 1995; Bush et al., 2000): the rostral–
ventral part of the ACC (ACad) and the dorsal part of the
ACC (ACcd). The ACad was defined as the rostral–ventral
part of the ACC anterior to the vertical plane through
Talairach coordinate Y � 30 mm resembling Brodmann
Areas (BA) 25 and 33, as well as rostral BA 24 and 32. The
ACcd was defined as the remaining part of the ACC, con-
sisting of ACC superior to the corpus callosum between the
vertical plane Y � 30 mm and Y � 0 mm. According to
refined cytoarchitectonic specifications by Vogt et al.
(1995), it included BA 24� and 32� (Fig. 3). Each ROI was
marked on the normalized individual anatomical scan using
the image viewing tool MRIcro (Rorden and Brett, 2000).

Mean signal intensities of the ROIs were determined for
each functional image. The same GLM and preprocessing
used for statistical parametric mapping were applied to the
extracted ROI time-series. The percent signal change during
activation as compared to baseline blocks was tested for
significant increase during activation blocks employing a
t test. Moreover, to control for global signal changes cor-
related with the feedback task, the time-series of the average
signal intensity across the entire imaging volume was sta-
tistically analyzed the same way as the ROI time-series.

Learning effects were assessed by testing whether the
achieved BOLD-response increased with feedback training;
sessions were numbered consecutively from 1 to 8, and the
session numbers were correlated with the percent signal
changes of the sessions (Spearman-Rho, one-sided).

To assess behavioral effects of the training, self-rated
emotional valence and arousal were tested for a difference
between activation blocks and baseline blocks using two-
sided Wilcoxon signed rank tests. In addition, changes of
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behavioral measures were correlated with signal changes per
session detected within the ROIs using Spearman-Rho (two-
sided). Statistical analysis was conducted with SPSS 10.0.7
(SPSS Inc., Chicago, IL, USA). Test values exceeding a
threshold of P � 0.05 were considered to be significant.

Summary of the materials and equipment

1. Data acquisition
Y fMRI: 1.5 T whole body scanner (Magnetom Sonata,

Siemens, Erlangen, Germany)

Y Affective state: self-assessment manikin by Bradley
and Lang (1994)

2. On-line data analysis
Y Data preprocessing and statistical analysis: Turbo-

BrainVoyager (Brain Innovation, Maastricht, The
Netherlands; Goebel, 2001) on a personal computer
(RAM 768 MBytes; Dual Pentium III 866 MHz, Intel
Corporation, Santa Clara, CA, USA) with Windows
98 SE operating system (Microsoft Corporation, Red-
mond, WA, USA)

Y Data transfer: Samba connection (Eckstein et al.,

Fig. 3. Off-line statistical parametric mapping. (a) Signal increases during activation blocks are superimposed over individual normalized T1-weighted 3D
MRI (MNI stereotaxic space; Collins et al., 1994) and thresholded at a significance level P � 0.05 (volume-corrected) with minimum spatial extent of 10
voxels. The region of interest analysis was performed on the rostral–ventral subdivision (ACad, borders marked in magenta), and dorsal subdivision (ACcd,
borders marked in green) of the anterior cingulate cortex (ACC). Signal increases were observed in rostral–ventral and dorsal ACC during activation blocks.
There were also activations in supplementary motor area (SMA), gyrus rectus, cerebellum, and calcarine fissure. (b) An increase of signal change across
feedback sessions emerged at the rostral–ventral ACC, the SMA, and basal ganglia as revealed by post hoc analysis (corrected P � 0.01, voxel and cluster
level) and indicated a possible learning effect (see also Fig. 4).
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1999) between scanner hardware with Solaris 1 oper-
ating system (SunOS Release 4.1.4, Sun Microsys-
tems, Santa Clara, CA, USA) and the personal
computer

3. Off-line data analysis
Y Statistical parametric mapping: SPM99 (Wellcome

Department of Cognitive Neurology, Queens Square,
London, UK), KULeuven automation tools (MR Re-
search Center, Department of Radiology, University
Hospitals Leuven, Belgium)

Y ROI analysis: SPM99, MRIcro (Rorden and Brett,
2000), and custom-made tools based on Matlab 5.3
(The MathWorks, Natick, MA, USA)

Y Behavioral and ROI data: SPSS 10.0.7 (SPSS Inc.,
Chicago, IL, USA)

Results: exemplary single subject data

Behavioral data

The subject rated the valence of his affective state sig-
nificantly more positive for activation blocks as compared
to baseline blocks (score for activation vs baseline blocks
(mean � SD) � 6.6 � 0.6 vs 5.0 � 0.5; Z � 2.5; P � 0.05;
N � 8). Arousal increased for activation blocks as compared
to baseline blocks (score for activation vs baseline blocks
(mean � SD) � 6.6 � 0.4 vs 4.6 � 1.6; Z � 2.4; P � 0.05;
N � 8). He reported the use of mental imagery of winter
landscapes, engaging in snowboarding and social interac-
tion as his strategy to increase the BOLD signal. During
baseline blocks, he attended to the signal time-course with-
out performing any specific task.

fMRI data

On-line analysis and continuous feedback of BOLD
time-course

The implemented fMRI brain–computer interface (BCI)
displayed a continuously updated BOLD time-course of the
dorsal and the rostral–ventral anterior cingulate cortex
(ACC) with a delay of less than 2 s from image acquisition.
Fig. 2a and b shows screenshots of the display presented to
the experimenter and to the subject, respectively.

Off-line analysis

Head motions exhibited less than 0.6 mm translation and
0.8° rotation. In the first session only, changes of global
signal intensity were correlated with the feedback task (de-
scriptive P � 0.001).

Region of interest analysis: dorsal and rostral–ventral
subdivisions of ACC

ROI analysis revealed a significantly increased activity
of dorsal ACC in five out of eight sessions during activation
blocks (P � 0.05). In four sessions, the rostral–ventral ACC
exhibited a significant increase of the BOLD signal (P �
0.05). Across all sessions, the effect of signal increase was
highly significant for dorsal ACC (P � 0.001) and rostral–
ventral ACC (P � 0.01). Table 1 lists the obtained signal
changes during individual sessions. In addition, signal
change of the rostral–ventral ACC increased with the num-
ber of the session indicating a potential learning effect (r �
0.67; P � 0.05; N � 8; see Fig. 4a). No significant corre-
lations of the signal changes in regions of interest (ROIs)
with behavioral measures, i.e., changes in arousal and emo-
tional valence, were observed.

Statistical parametric mapping

Significantly activated clusters are listed in Table 2.
Locations of activations are given in MNI stereotaxic coor-
dinates (Collins et al., 1994). Anatomical regions were
labeled according to Tzourio-Mazoyer et al. (2002) and the
ACC was divided into subdivisions as described previously.

Activations emerged in five brain regions: (1) rostral–
ventral and dorsal ACC; (2) supplementary motor area
(SMA); (3) gyrus rectus and frontal gyri; (4) superior ante-
rior cerebellum; and (5) cuneus and calcarine fissure (Fig.
3a and Table 2). Two clusters of significant signal decreases
were found in parietal and occipital cortex with their maxima
at left superior parietal gyrus (MNI: [�36, �50, 60] mm;
t value 9.3; cluster size: 2239 voxels � 17.9 ml) and right
precuneus (MNI: [10, �62, 56] mm; t value 9.3; cluster
size: 369 voxels � 3.0 ml).

To explore the presumptive learning effect yielded by the
ROI analysis, we investigated whether the observed in-
crease across sessions was specific for the rostral–ventral
ACC. Each voxel of the imaged volume was tested for an
increase of signal change across sessions (corrected P �
0.01, voxel and cluster level). Three clusters were found
with maxima at the right hemispheric rostral–ventral
ACC (MNI: [6, 34, 22] mm), the left hemispheric SMA
(MNI: [�8, 16, 64] mm), and the left pallidum (MNI:
[�8, 4, �2] mm).

Discussion

We reported a technique to study physiological self-
regulation of the BOLD-response using on-line feedback of
the fMRI signal. Particular emphasis was placed on mini-
mizing the delay between the feedback and the BOLD
signal changes to facilitate self-regulation (e.g., Rockstroh
et al., 1990) while performing standard data preprocessing.
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To this end, a fMRI brain–computer interface (BCI) was
developed based on real-time fMRI analysis (Goebel, 2001)
which allowed to directly feed back the BOLD signal of
specific brain regions, i.e., parts of the anterior cingulate
cortex (ACC), with a maximum delay of 2 s from image
acquisition to visual feedback.

We illustrated the concept of physiological self-regula-
tion of BOLD-responses with exemplary data of one subject
who was trained to control the BOLD signal of the rostral–
ventral “affective” and dorsal “cognitive” subdivision of the
ACC (Bush et al., 2000). The subject was able to signifi-
cantly increase the signal of both subdivisions of the ACC
during presentation of a discriminative stimulus. The
achieved signal change in the “affective” subdivision of
ACC (ACad) increased across the feedback sessions indi-
cating a possible learning effect. The observed mean signal
increase and its change across sessions was spatially not
restricted to the ACC (cf. Figs. 3 and 4b). This generaliza-
tion may be due to functional connectivity, e.g., between
ACC and supplementary motor area (SMA), and the fact
that the feedback signal did not provide information about
activity in areas apart from the regions of interest. With this
information coactivations might be suppressed by self-reg-
ulation.

Because it is well known that changes in the fMRI signal
can be caused by artifacts and unspecific effects, such as
head motion or cardiorespiratory effects, exceptional effort
was applied to control them during acquisition and analysis
of fMRI data. In order to reduce motion artifacts, motion
correction was performed on-line. The estimated motion
parameters were fed back to the subject who should keep
them to a minimum. For off-line data analysis, first and
second order motion parameters and spin history were in-
cluded as covariates. This procedure suppressed residual
motion artifacts after realignment (Friston et al., 1996).

The subject was breathing normally during the experi-
ment, in order to avoid signal changes caused by cardiore-
spiratory effects, which have been reported for relatively
extreme physiological states such as hypercapnia induced

by at least 30 s breath holding or inhalation of CO2-enriched
air (Kastrup et al., 2001) and certain meditative states sus-
tained for several minutes (Lazar et al., 2000). The global

Table 1
Activation of the dorsal and rostral–ventral anterior cingulate cortex (ACC), and the maximally activated voxel in the SMA during activation blocks

Session
number

Dorsal ACC Rostral–ventral ACC SMA (maximally activated voxel)

Signal change (%) t value Signal change (%) t value Signal change (%) t value

1 0.18 3.04 �0.03 �0.48 0.41 2.27
2 �0.01 �0.09 0.04 0.62 0.43 2.51
3 0.02 0.27 �0.08 �1.05 0.72 3.51
4 0.11 2.30 0.14 2.64 0.71 4.77
5 0.07 1.50 0.03 0.53 0.75 5.65
6 0.12 2.43 0.16 2.83 0.89 5.83
7 0.27 5.38 0.16 2.92 1.20 7.92
8 0.09 1.77 0.09 1.65 0.89 5.87
Overall 0.11 5.6 0.06 3.02 0.75 13.01

Note. Percent signal change per session measured from baseline and its level of significance (t value) are listed. Significant activations are set in boldface
for regions of interest (P � 0.05). Note that the activation of the SMA is reported for the maximally activated voxel and not averaged across a region as in
the case of the ACC.

Fig. 4. Quantitative analysis across sessions. (a) The detected change in the
average BOLD signal of the rostral–ventral anterior cingulate cortex
(ACC) increased across feedback sessions suggesting a learning effect (r �
0.67, P � 0.05). (b) Comparable to the rostral–ventral ACC, the change in
BOLD signal of the supplementary motor area (maximally activated voxel
in SMA; MNI: [�2, 16, 52] mm) increased across sessions (r � 0.95, P �
0.001). It is not surprising that the presumptive learning effect did not only
emerge in the rostral–ventral ACC, because the feedback signal did not
provide information about the activity in other brain areas such as SMA.
Note that graphs are scaled differently.
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signal intensity of the whole brain was not correlated with
the feedback task, except for the first session, and statistical
maps did not show global activation patterns, which would
be expected in case of cardiorespiratory effects (Lazar et al.,
2000; Kastrup et al., 2001).

The regional specificity of the physiological self-regula-
tion might be improved by differential and bidirectional
feedback tasks, e.g., increase of activity in the rostral–
ventral ACC with simultaneous decrease of activity in the
dorsal ACC or vice versa. Technical advances which allow
a more precise definition of regions of interest on the cor-
tical surface (Goebel, 2001) may further increase the spec-
ificity of the feedback training. In combination with opti-
mized MR pulse sequences offering higher BOLD
sensitivity (e.g., Posse et al., 2001; Mathiak et al., 2002) and
insensitivity to susceptibility artifacts (e.g., Deichmann et
al., 2002; Posse et al., 2003), brain areas such as the orbito-
frontal cortex will be accessible to fMRI-feedback training
as well.

The presented method promises to be a useful scien-
tific tool to study the behavioral, cognitive, and emo-
tional function of circumscribed brain areas. Behavior
and cognition might be measured as a dependent variable
of the locally regulated BOLD-response in addition to
conventional neuroimaging studies which measure brain
activity as a dependent variable of behavior or of sensory
stimulation.
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