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3Department of Neurology, University of Düsseldorf, Düsseldorf, Germany
4Department of Psychiatry, University of Düsseldorf, Düsseldorf, Germany

r r

Abstract: Real-time fMRI is a rapidly emerging methodology that enables monitoring changes in brain
activity during an ongoing experiment. In this article we demonstrate the feasibility of performing
single-event sensory, motor, and higher cognitive tasks in real-time on a clinical whole-body scanner. This
approach requires sensitivity optimized fMRI methods: Using statistical parametric mapping we quan-
tified the spatial extent of BOLD contrast signal changes as a function of voxel size and demonstrate that
sacrificing spatial resolution and readout bandwidth improves the detection of signal changes in real time.
Further increases in BOLD contrast sensitivity were obtained by using real-time multi-echo EPI. Real-time
image analysis was performed using our previously described Functional Imaging in REal time (FIRE)
software package, which features real-time motion compensation, sliding window correlation analysis,
and automatic reference vector optimization. This new fMRI methodology was validated using single-
block design paradigms of standard visual, motor, and auditory tasks. Further, we demonstrate the
sensitivity of this method for online detection of higher cognitive functions during a language task using
single-block design paradigms. Finally, we used single-event fMRI to characterize the variability of the
hemodynamic impulse response in primary and supplementary motor cortex in consecutive trials using
single movements. Real-time fMRI can improve reliability of clinical and research studies and offers new
opportunities for studying higher cognitive functions. Hum. Brain Mapping 12:25–41, 2001.
© 2001 Wiley-Liss, Inc.
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INTRODUCTION

A major limitation for applications of functional MR
imaging has been the use of blocked task design,
which requires use of repetitive tasks performed in
close succession. Recently, a number of investigators
have shown that event-related blood-oxygenation-
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level-dependent (BOLD) fMRI signals can be mea-
sured [Savoy et al., 1995; Boynton et al., 1996; Konishi
et al., 1996; Buckner et al., 1996; Dale and Buckner
1997], which allows entirely new task designs, similar
to those used in EEG and MEG, to study event-related
potentials (ERPs). Most recently, Liu and Gao [1999]
have shown that perfusion-based event-related MRI
signals can also be detected. However, this class of
fMRI experiments requires multiple repetitions of the
task to obtain sufficient signal-to-noise ratios to gen-
erate functional images and requires that tasks can be
repeated with a high degree of accuracy. Recently, it
has been shown that nonstationarities of fMRI signals
that may be linked to nonstationary behavior can be
detected in auditory cortex [Gaschler-Markefski et al.,
1997]. It is thus desirable to design fMRI methods that
can monitor changes in brain activation between sin-
gle trials.

During recent years the sensitivity of fMRI data
acquisition methods has been continuously improved
and changes in brain activity (e.g., in motor and visual
cortex) can now be detected within a few minutes of
data acquisition. These advances stimulated the devel-
opment of “real-time fMRI” [Cox et al., 1995; Goddard
et al., 1997; Lee et al., 1998; Gering and Weber 1998;
Cohen et al., 1998; Frank et al., 1999; Voyvodic 1999;
Yoo et al., 1999; Gembris et al., 2000], which is char-
acterized by steady state data acquisition, image re-
construction, motion correction, and statistical image
analysis during the ongoing scan, preferably with a
time delay of less than a single TR cycle. With real-
time fMRI the delay between task initiation and clear
display of involved cortical areas is no longer deter-
mined by computation time. Instead, it is determined
by physiologically delayed signal response (' 3–6 sec)
and necessary accumulation time of data due to lim-
ited signal-to-noise ratio (SNR). In contrast to most
previous approaches for real-time fMRI, which used
cumulative statistical methods (Fig. 1a) and modified
hardware, we have developed data processing meth-
ods for Functional Imaging in REal time (FIRE) on a
standard clinical whole- body scanner, which enables
continuous monitoring of fMRI signal changes during
the ongoing scan with constant sensitivity. These
methods include real-time image transfer and display
[Schor et al., 1998], “sliding-window” correlation anal-
ysis (Fig. 1b) [Gembris et al., 2000], reference vector
optimization [Gembris et al., 2000], and real-time mo-
tion correction [Mathiak and Posse, 2000].

In this article we demonstrate the feasibility of mon-
itoring single-event sensory, motor, and higher cogni-
tive tasks in real-time on a clinical whole-body scanner
using sensitivity optimized real-time fMRI methods

and FIRE. The development of sensitivity optimized
single-shot EPI methods was essential for this new
approach. Using statistical parametric mapping the
spatial extent and maximum Z-scores of BOLD con-
trast signal changes were quantified as a function of
spatial resolution and readout bandwidth over a wide
range of voxel sizes. It is shown that the spatial extent
strongly increases with decreasing spatial resolution
and readout bandwidth, which is advantageous for
detecting signal changes in real-time. We also investi-
gated the feasibility of real-time multi-echo EPI to
further increase BOLD contrast sensitivity [Posse et
al., 1999d]. In a first series of experiments the meth-
odology was validated by detecting in real-time brain
activity extending over only a few seconds in the
visual, auditory, and motor system. In a second series
of experiments the feasibility of real-time monitoring
dynamic changes in higher brain functions using a
language task was demonstrated. Activation of lan-
guage eloquent areas was reliably detected during the
performance of the standard word generation task. In
a third series of experiments the feasibility of detecting
single-stimulus bound brain activity in real-time in the
motor system was investigated using single finger
taps and single brisk and uncommon movements (Fig.
1c). The aim was to characterize the variability of the
hemodynamic response in primary and supplemen-
tary motor cortex during repeated trials. Because the
method allowed for detection of activation patterns in
motor areas by a single movement, we were particu-
larly interested in rapid changes of such activation
patterns due to short-term habituation (or adaptation)
mechanisms. For this purpose we compared the activ-
ity in primary and secondary motor areas in subse-
quent performance of an uncommon movement.

Preliminary accounts of some of this work have
been presented as abstracts [Behr et al., 1997; Posse et
al., 1998a, 1998b, 1999a, 1999b, 1999c].

THEORY: OPTIMIZATION OF
FMRI SENSITIVITY

Spatial resolution is a major factor that influences
the ability to detect and delineate activated areas [Me-
non et al., 1997; Thulborn et al., 1997]. It has been
shown that both amplitude and spatial extent of acti-
vation determine the statistical significance of func-
tional signal changes [Friston et al., 1994]. Although
increasing spatial resolution may seem to be desirable,
it strongly decreases SNR and increases sensitivity to
motion artifacts. Several authors using a variety of
techniques described increases in signal change and
decreases in the extent of activation with increasing
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spatial resolution, which were attributed to reduced
partial volume effects and reduced signal-to-noise ra-
tio (SNR) [Frahm et al., 1993; Meyer et al., 1994;
Thompson et al., 1994]. However, it has not yet been
investigated in detail how spatial resolution affects the
sensitivity to detect small signal changes, which are
typically associated with single trials and higher cog-
nitive functions. The wide range of techniques and
voxel sizes currently used with fMRI reflects the com-
promises that have been made between sensitivity and
temporal and spatial resolution. Comparisons be-
tween studies regarding the extent and statistical sig-
nificance of the activation associated with a specific
task are difficult under these conditions.

Consider SNR of single-shot EPI as a function of
voxel size (DxDyDz), readout bandwidth per voxel
(Dvvoxel), and matrix size NpeNro [Reeder and McVeigh,
1994]:

SNR}
DxDyDzÎNpe

ÎDvvoxel
(1)

When comparing two methods for increasing SNR,
increasing the voxel size by data acquisition and im-
age filtering using spatial convolution or k-space fil-
ters [Lowe and Sorenson, 1997], it becomes evident
that the former has specific advantages: For example,
increasing the linear pixel dimensions in plane by a
factor of 2, using the same readout bandwidth per
voxel and a four-fold smaller matrix size increases
SNR by 2Î2. At the same time, the data acquisition
time is reduced by a factor of 2. Further sensitivity can
be gained by maintaining the original data acquisition
time: Reducing the readout bandwidth by a factor of
two or using two-fold readout over sampling [Yang et
al., 1996] increases SNR by a factor of Î2. The latter
approach has the advantage that geometrical distor-
tions are not increased. The combined gain in SNR is
thus four-fold, neglecting relaxation effects, which
change the analysis only slightly. By contrast, dou-
bling the pixel dimensions using a boxcar k-space
filter (or equivalent spatial filter), improves the SNR
only by a factor of 2.

In addition to improving SNR, increasing the voxel
size strongly increases the extent of spatial dephasing
around microscopic susceptibility inhomogeneities.
We have demonstrated this characteristic of gradient
echo imaging using computer simulations and mea-
surements on water phantoms [Posse and Aue, 1990].
In that study we computed the integrated signal loss
in the vicinity of the susceptibility inhomogeneity and
normalized it to the integrated signal intensity in the

absence of the susceptibility inhomogeneity. This pa-
rameter was converted into an effective area of total
signal loss and divided by the actual cross section of
the susceptibility inhomogeneity to yield a parameter,
which we termed artifact enhancement factor (AEF)
and which is independent of partial volume effect. The
AEF decreases nonlinearly with increasing spatial res-
olution [Posse and Aue, 1990] (Fig. 6) and increases
with decreasing diameter of the susceptibility inhomo-
geneity [Posse and Aue, 1990] (Fig. 8) due to the
spatial nonlinearity of magnetic field gradients. This
leads to a contrast enhancement of microscopic sus-
ceptibility inhomogeneities that can be several 100-
fold, in particular for low spatial resolution. In this
study, we investigate whether this effect contributes to
fMRI contrast by comparing images obtained at in-
creasingly higher spatial resolutions and by applying
increasingly stronger spatial filters to maintain the
same effective image resolution. We expect that if this
effect plays a role—spatial extent of activation will
decrease with increasing spatial resolution, despite
filtering. We also investigate whether the effect differs
between focal activation in motor cortex and distrib-
uted activation in visual cortex. We further investigate
whether cardiac gating reduces the effects of cardiac-
related brain pulsation, as suggested in previous stud-
ies [Kuppusamy et al., 1997].

A complementary approach to increase fMRI sensi-
tivity employs single-shot multi-echo EPI (single-shot
spectroscopic imaging of water relaxation) [Posse et
al., 1999d]. This method, which we termed Turbo-
PEPSI (Turbo-Proton-Echo-Planar-Spectroscopic-Im-
aging), takes advantage of the fact that the BOLD
effect (a bell-shaped curve that is the difference be-
tween the relaxation signals measured during task
activation and during baseline) extends over a rela-
tively wide range of echo times. This suggests that
images measured at different echo times contain func-
tional information, which can be combined to increase
functional sensitivity. We have shown that linear sum-
mation of images acquired at different echo times
provides similar sensitivity enhancement as exponen-
tial curve fitting. Maximum sensitivity with summa-
tion can be achieved by sampling echo times of up to
3.2 T2*. The gain in sensitivity as compared to conven-
tional EPI is 1.2ÎT*2/Dt (where Dt is the k-space encod-
ing time for each echo-planar image) and thus in-
creases with decreasing spatial resolution. This
method is numerically robust, even under conditions
of low SNR, and provides a combined measure of T2*
and initial signal intensity. Here, we demonstrate the
feasibility of using Turbo-PEPSI with echo summation
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in real-time to increase sensitivity with single-trial
paradigms.

MATERIALS AND METHODS

Subjects

Sixty subjects with a mean age of 25.5 years (58 men,
2 women; age range: 21–45 years) participated in the
different experiments of this study. Subjects gave writ-
ten informed consent for participation in the study,
which was approved by the University of Düsseldorf
Human Subjects Review Committee.

Scanner

Measurements were performed on a clinical 1.5
Tesla Vision MR scanner (Siemens Medical Systems,
Erlangen, Germany) equipped with gradient over-
drive, standard quadrature head coil, and broadband
transistor amplifier. Foam cushions to secure the head
were used to minimize motion artifacts. Whole-head
automatic shimming up to third order was performed
in all experiments.

Pulse sequences

Real-time methods

In most studies EPI (TE: 66 ms, flip angle (a) 5 90°)
was performed with a matrix size of 32 3 32 and with
16 slices (6 mm thickness, 0.6 mm interslice gap), using
a field of view (FOV) of 200 mm (voxel size: 6 3 6 3
6 mm3). The maximum readout bandwidth with non-
linear sampling during gradient ramps was 33.3 kHz.
For comparison, some measurements were performed
with matrix sizes of 64 3 64 and 128 3 128 pixels,
using readout bandwidths of 66.6 kHz and 133.2 kHz,
respectively. Additional measurements were per-
formed to assess the effects of higher readout band-
widths (64 kHz for the 32 3 32 matrix and 128 kHz for
the 64 3 64 matrix). Repetition times ranged from 1 to
4 sec depending on the number of slices and the
matrix size. With the head coil the SNR for a voxel size
of 6 3 6 3 6 mm3 was typically larger than 300:1.
Images were continuously reconstructed within a sin-
gle TR period by the array processor of the MR scan-
ner. All slices of a volume data set were stored in a
single image (so-called “mosaic” image format). Real-
time Turbo-Proton-Echo-Planar-Spectroscopic-Imag-
ing (Turbo-PEPSI) was performed with eight consec-
utive EPI encodings (TRmin: 1 sec, flip angle (a) 5 90°,

matrix size: 32 3 32 pixels, FOV: 200 mm, number of
slices: 1, slice thickness: 6 mm) using echo times rang-
ing from 30 to 156 ms and interimage spacing of 18.3
ms. This range of echo times represents a compromise
between sensitivity enhancement, which increases
with the number of measured echo times up to TE 5
220 ms, and excessive real-time data rates. The dura-
tion of the trapezoidal readout gradients was 500 ms
with 160 ms ramp times. Nonlinear sampling was
employed on the gradient ramps. Phase encoding was
refocused between images to encode the same k-space
trajectory in all images. Turbo-PEPSI images obtained
at different echo times were summed online within a
single TR period.

Peak-to-peak signal instabilities in EPI time series
(TR: 3 sec, TE: 66 ms) were measured on phantoms
using the transistor amplifier and the head coil. In
individual voxels the instabilities were less than 0.5%
for a voxel size of 6 3 6 3 6 mm3 and less than 1% for
a voxel size of 3 3 3 3 3 mm3. Image ghosting was
typically less than 5%.

Conventional EPI

To quantify the effect of different pixel sizes on
motor and visual activation conventional EPI (TR 5 6
sec, TE 5 69 ms, flip angle (a) 5 90°, FOV: 200 mm)
with offline analysis was performed using a circular 12
cm diameter flexible receive-only surface coil that was
placed above the left motor cortex or over the visual
cortex. This coil, which required whole-body excita-
tion with the standard tube amplifier, approximately
doubled the SNR inside the region of interest (ROI) in
comparison with the head coil. Pixel sizes of 1.5 3 1.5
mm2, 3 3 3 mm2 and 6 3 6 mm2 were obtained using
matrix sizes of 128 3 128, 64 3 64, and 32 3 32 pixels,
and receiver bandwidths of 123 kHz, 61.5 kHz, and
30.75 kHz, respectively. Sixteen slices with 4 mm
thickness and 0.4 mm interslice gap were positioned in
axial orientation for motor stimulation or parallel to
the calcarine fissure for visual stimulation. Measure-
ments were performed with and without ECG gating.
The long repetition time was selected to reduce signal
instabilities during ECG gating due to possible heart
rate variations. The time delay between slice excita-
tions was kept constant at 200 ms, independent of
matrix size, to obtain a total measurement time of 3.2
sec for each multislice data set. The SNR in visual and
motor cortex with the smallest voxel size was larger
than 60:1.
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Stimulation protocols

Motor and visual tasks with conventional fMRI to
investigate voxel size effect

The effect of spatial resolution on fMRI sensitivity in
motor and visual cortex was assessed on five subjects
using conventional fMRI. Motor activation (n 5 3) was
studied after a brief initial training session using an
acoustically paced (1 Hz) right index-finger tapping
task (5 repetitions of a 30 sec rest and a 30 sec tapping
cycle) (Fig.1). Visual stimulation (n 5 2) was applied
using home made LED-goggles with a flicker rate of 8
Hz (3 repetitions of a 30 sec darkness and a 30 sec light
stimulation cycle). The tasks were repeated six times
to measure three different spatial resolutions, com-
bined with and without ECG-gating. Parameter set-
tings were randomized between task repetitions.

Validation of real-time fMRI in visual, motor, and
auditory system

Visual stimulation was studied on 55 subjects. Red
flicker light (8 Hz) alternating with darkness was used
on 44 subjects. Alternatively, opening and closing the
eyes in a well-lit scanner environment was performed
by 11 subjects. Stimulus duration was between 10 sec
and 20 sec, alternating with rest periods ranging from
12 to 20 sec. Motor activation was studied on 60 sub-
jects. Fifty-five subjects performed a self-paced se-
quential thumb-finger opposition task of the right
and/or left hand with movement duration ranging
from 2 sec to 20 sec and with rest periods ranging from
12 to 20 sec. Repetitive flexing of the left and/or the

right foot was performed by 5 subjects using a move-
ment duration of 20 sec and a rest period of 20 sec.
Auditory activation was studied on 2 subjects using an
auditory discrimination task. Two-digit syllables (ta,
ba, ka, . . ., presentation rate: 1/sec) were presented
binaurally for 20 sec using an MR-compatible headset
and compared with 20 sec rest. The discrimination
task was to detect the target syllable ta and to respond
by lifting the right index finger.

Cognitive task

The word generation paradigm consisted of 15 sec
of silent word generation, which was initiated by au-
ditory cueing with the first letter, and 15 sec of rest
(four subjects). Subjects kept their eyes closed during
this task.

Single-event tasks

Sixteen subjects were scanned to investigate the fea-
sibility of detecting single finger movements. A stan-
dard finger-tapping paradigm was performed to local-
ize primary motor cortex (M1) and supplementary
motor cortex (SMA). Signal responses to single finger
taps (thumb, index finger, middle finger, pinky of the
right, the left or both hands), which were visually or
acoustically triggered 8 sec after starting the scan,
were measured from a single-slice encompassing M1
and SMA. In three subjects the cerebral activity during
single brisk and uncommon movements was mea-
sured. The movement consisted of rapid extension of
the hand in radial-dorsal direction. Ten consecutive
measurements were performed to detect changes in
activity patterns in consecutive trials.

Real-time data analysis

The scanner was linked via 10 Mbits/s ethernet to
an external SUN Ultra Sparc 10 workstation operating
at 300 MHz for real-time data analysis. The client-
server based Functional Imaging in REal time (FIRE)
software package (Fig. 2) has partly been described in
previous reports [Schor et al., 1998; Gembris et al.,
2000; Mathiak and Posse, 2000]. Briefly, the server
sends LZ77-compressed images [Press et al., 1992] via
TCP/IP from the host computer to the external work-
station where the client uncompresses, rescales, and
displays the images. Real-time correction and “slid-
ing-window” correlation analysis are performed
within a single TR period. The reference vector r(t)
was obtained by convolving the graphically defined
stimulation paradigm with a time-shifted Poisson

Figure 1.
Data analysis methods: (a) Conventional multiple-block design
paradigm to assess effect of voxel size on functional sensitivity, (b)
real-time sliding window paradigm displaying the sliding window at
two consecutive time points during the ongoing scan, (c) real-time
single-event paradigm. The gray shading indicates the width of the
sliding window.
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Figure 2.
(A) The main window of the client’s graphical user interface
displays motor activation during bimanual finger tapping. The left
panel displays colored correlation maps overlaid on original EPI
images (64 3 64 matrix) in radiological orientation. The right
panels display time courses from three selected ROI in left and
right motor cortex. The ROIs are highlighted on the MRIs during
ROI selection (not shown here). Underneath each time course the
minimum, the mean, and the maximum value of the ROI signal
intensities are displayed. Maximum and minimum ROI signal
changes relative to mean (%) are indicated to the right of the time
courses. The slider below these panels indicates the correlation
threshold (urminu 5 0.3). The color scale for the correlation map
covers the range -1 (blue) to 1 (red). A button allows users to save
snapshots of the main panel during the scan. (B) Paradigm control
window displays the time course of the paradigm (red) and the

reference vector (green), which is modeled by convolution of the
paradigm with a time shifted Poisson function. The paradigm is
created by graphic editing using a mouse-controlled cursor. Initial
multislice data sets, which are discarded to avoid steady state
effects, are shown as a gray bar. The current position within the
sliding window is indicated by a moving time marker. The corre-
lator button allows to select the processing strategy which is
either correlation with a fixed reference vector and first order
detrending of the mean or correlation with a fixed reference
vector and higher order detrending or reference vector optimi-
zation (RVO) using the graphically defined reference vector as a
starting point. RVO parameters, which control the extent of the
RVO search space (starting point, step size, number of steps) and
the display of parametric images, are listed below. The color scale
is used in subsequent figures for reference.
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function that was characterized by a dispersion time
constant l (typically 3 sec) and a time delay time D
(typically 2 sec):

r~t!5
l~t2D!e2l

G~t2D!
(2)

First order detrending (of the mean) was performed.
Depending on TR, the first 2–5 image data sets were
excluded from correlation to avoid T1 related satura-
tion effects. Spatial filtering (median and average)
could be applied to the raw images and/or to the
correlation maps. In most studies a 3 3 3 median filter
was applied to the correlation maps. During the on-
going scan the following interactive features were
available: adjustment of the correlation threshold, a
snapshot tool to save correlation maps to disk, and
simultaneous display of spatially averaged time
course data from up to three graphically defined ROI.
Within these ROI windows the minimum, the maxi-
mum, and the mean signal intensities, as well as the
maximum percent signal changes with respect to the
mean were displayed. As a further option, averaging
within these rectangular ROIs could be restricted to
voxels with an absolute correlation coefficient above
the selected threshold. Because this may cause the
number of averaged voxels to fluctuate, image inten-
sities were normalized to the first nondiscarded data
set. Images could be converted online to ANALYZE,
STIMULATE, or a custom-defined raw data format
and saved to disk without noticeable increase in data
analysis time. For the raw data format, rescanning of
the saved images is supported. A 3D display of cor-
relation images mapped onto interactively volume
rendered high-resolution MR images was imple-
mented using AVS/Express visualization toolkit.
Coregistration of the two data sets was performed
manually. The graphical user interface could be pro-
jected into the scanner using a custom made video
display system to enable real-time self-monitoring of
brain activation by the subject.

Because reference vector optimization, higher order
detrending, motion correction, and 3D-visualization
cannot be performed simultaneously in real-time on a
workstation, parts of the software were implemented
on a Cray T3E massively parallel computer [Eicker-
mann et al., 1999]. In this case the reference vector was
modeled as a linear-exponential function:

r~t!5u~t2b!p~t2b!e2~t2b!/a (3)

An optimization of the parameters a and b of the
reference vector using a “brute force” search of the

parameter space was performed to increase sensitivity
by accounting for intra- and intersubject variability of
the hemodynamic response. The images were distrib-
uted over up to 128 nodes for parallel processing.
Optimization of single slice time series with 20 time
points was feasible on a SUN workstation, however,
with a processing time of several seconds.

All signal changes in our real-time studies with few
exceptions were detected within a single activation
cycle using sliding window widths between 5 to 20
time points.

Conventional (offline) data analysis

Activation patterns that were detected in real time
were confirmed by postprocessing using SPM97b
[Friston et al., 1995] and STIMULATE [Strupp, 1996].
With SPM motion correction was performed without
taking into account spin history and higher order ef-
fects. Spatial smoothing was applied using the voxel
dimensions. Statistical analysis was performed using
the same reference vector as with the FIRE software
package. With STIMULATE a correlation with a box-
car reference vector shifted by 3 sec was employed.

The experiment that compares voxel size effects was
analyzed using SPM97b [Friston et al., 1995] and a
boxcar reference waveform, which was temporally
shifted by one TR (6 sec) with respect to the paradigm.
The first three multislice data sets of each time series
were discarded. Further parameters included global
normalization, temporal smoothing using a filter
width of 2.8 sec, and low frequency filtering using a
cutoff frequency of 0.2 cycles/min. Extent of activa-
tion and maximum Z-score were obtained using a
voxel-based height threshold P-value of 0.001, an ex-
tent threshold of 16, 4, and 1 voxel (144 mm3) for the
128 3 128, the 64 3 64 and the 32 3 32 matrix,
respectively. One-tailed paired t-tests were performed
to assess the statistical significance of changes in clus-
ter volumes and maximum Z-scores with voxel size,
averaging data obtained with and without ECG gat-
ing. To assess the significance of partial volume ef-
fects, data were reexamined using modified spatial
filter parameters such that the same effective spatial
resolution (8.5 3 8.5 3 5.6 mm3) was obtained in the
resulting data sets: 8.4 3 8.4 3 4 mm3 for the 128 3 128
matrix, 8 3 8 3 4 mm3 for the 64 3 64 matrix and 6 3
6 3 4 mm3 for the 32 3 32 matrix.

Single-event related fMRI data of motor activation
were analyzed using SPM97b [Friston et al., 1995] and
the standard hemodynamic response function. The
time from motor execution to the peak of the signal
change and its full width at half maximum (FWHM) in
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M1 and SMA were measured by ROI analysis using
STIMULATE [Strupp, 1996].

SNR was determined as the ratio of the mean signal
intensity of an ROI inside the target region divided by
the standard deviation of signal intensities in an ROI
well outside of the brain that was not contaminated by
ghosting.

RESULTS

Effects of voxel size and readout bandwidth on
sensitivity in motor and visual cortex

Increasing spatial resolution strongly decreased the
spatial extent of activation. This effect was more pro-
nounced in motor cortex than in visual cortex (Tables
I and II). The extent of motor activation decreased on
average by 64% (from 20.4 to 7.4 cm3) when reducing
the voxel size from 6 3 6 3 4 mm3 to 3 3 3 3 4 mm3 (P 5
0.04) and by an additional 69% to 2.3 cm3 when further
reducing the voxel size to 1.5 3 1.5 3 4 mm3 (P 5 0.001).
The extent of visual activation decreases on average by
26% (from 45.8 to 34.0 cm3) when reducing the voxel size
from 6 3 6 3 4 mm3 to 3 3 3 3 4 mm3 (P 5 0.27) and by
an additional 66% to 11.6 cm3 when further reducing the
voxel size to 1.5 3 1.5 3 4 mm3 (P 5 0.06). The maximum
Z-scores did not depend significantly on spatial resolu-
tion. In motor cortex there was a trend toward an in-
crease in extent of activation with ECG gating. When

using modified spatial filters designed to compensate
differences in voxel size and to assess partial volume
effects, differences in average spatial extent of activation
in motor cortex remained: 20.4 cm3, 13.8 cm3, and 13.1
cm3 for the 6 3 6 3 4 mm3, the 3 3 3 3 4 mm3, and the
1.5 3 1.5 3 4 mm3 voxel size, respectively. In visual
cortex the average extents of activation after modified
spatial filtering were similar for all voxel sizes. Since
SNR was not a limitation in these data sets and maxi-
mum Z-scores did not depend significantly on spatial
resolution, these results suggest that partial volume ef-
fects in motor cortex were only partly responsible for the
increase in extent of activation with voxel size.

The effect of voxel size on sensitivity was easily seen
in real-time studies of single activation cycles using
simple tasks such as opening/closing the eyes and
finger tapping. Consistent with the above results the
extent of visual and motor activation and mean corre-
lation coefficients in visual and motor cortex were
strongly increased with increasing voxel size (Fig. 3).
On the other hand, mean signal changes decreased
with increasing voxel size (from 10 to 15% with 1.5 3
1.5 3 4 mm3 voxel size to 3–5% with 6 3 6 3 4 mm3

voxel size). While maximum correlation coefficients
were independent of voxel size, correlation noise in
nonactivated regions increased with decreasing voxel
size. This required an increase of the correlation
threshold resulting in a decrease of the area of activa-
tion. With the 3 3 3 3 4 mm3 voxel size, motor

TABLE I. Effect of voxel size on activated volume and maximum Z-score in motor
cortex based on 18 measurements (3 subjects with 6 measurements each).

Non ECG-gated ECG-gated

Pixel size
[mm2]

Volume [cm3]
(SD)

Max. Z-score
(SD)

Volume [cm3]
(SD)

Max. Z-score
(SD)

1.5 3 1.5 1.6 (0.8) 7.4 (0.5) 3.1 (2.7) 6.9 (1.0)
3.0 3 3.0 6.7 (0.8) 7.6 (0.5) 8.0 (3.7) 7.5 (0.4)
6.0 3 6.0 10.1 (3.2) 6.9 (1.2) 30.6 (18.7) 7.4 (0.2)

SD 5 standard deviation

TABLE II. Effect of voxel size on activated volume and maximum Z-score in visual
cortex based on 12 measurements (2 subjects with 6 measurements each).

Non ECG-gated ECG-gated

Pixel size
[mm2]

Volume [cm3]
mean (SD)

Max. Z-score
mean (SD)

Volume [cm3]
mean (SD)

Max. Z-score
mean (SD)

1.5 3 1.5 11.5 (5.8) 7.4 (0.2) 11.6 (4.1) 7.3 (0.4)
3.0 3 3.0 36.4 (20.6) 7.1 (0.2) 31.6 (35.6) 6.9 (0.9)
6.0 3 6.0 50.3 (28.7) 7.1 (0.7) 41.3 (37.2) 6.5 (1.3)

SD 5 standard deviation
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Figure 3.
Extent of activation and mean correlation coefficients in visual and motor cortex increase with voxel size:
Matrix size: 128 3 128 (left), 64 3 64 (middle), 32 3 32 (right). (EPI, TR: 3 sec, TE 66 ms, FOV: 200
mm, slice thickness: 3 mm, 30 sec scan time). Single activation cycle: eyes open and bimanual finger
tapping (9 sec) versus eyes closed with no movements (21 sec). Correlation threshold 5 0.5.

Figure 4.
Comparison of FIRE (left, correlation threshold 5 0.7) and SPM
(right, uncorrected intensity threshold of P 5 0.001) using a
delayed boxcar reference vector. Neither motion correction nor
spatial filters were applied. The subject simultaneously performed
a visual activation (eyes open vs. eyes closed) and a standard

motor task (finger tapping vs. rest). The activation patterns with
both analysis methods are very similar. (EPI, TR: 3 sec, TE: 66 ms,
matrix size: 32 3 32, voxel size: 6 3 6 3 6 mm3. Paradigm: 9 sec
baseline, 9 sec activation, 21 sec baseline, 9 sec activation, 15 sec
baseline).
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activation was less robustly seen in single activation
cycles and the extent of visual activation fluctuated
considerably between activation cycles due to in-
creased noise. With the 1.5 3 1.5 3 4 mm3 voxel size
signal changes in motor areas in single activation cy-
cles were hardly detectable even with strong spatial
filtering.

Doubling the readout bandwidth decreased SNR by
approximately Î2 . As a result, spatial extents of acti-
vation and mean correlation coefficients in visual and
motor cortex were reduced. Changes in geometrical
distortions, ghosting, and spatial blurring were only
minor due to excellent shimming conditions.

Consequently, all real-time studies were performed
with the 32 3 32 matrix using low readout bandwidth
(33.3 kHz). In order to obtain isotropic spatial resolu-
tion a voxel size of 6 3 6 3 6 mm3 was chosen which
provided full brain coverage with 16 slices.

Performance of real-time signal analysis

Image reconstruction on the scanner and motion
compensation were the limiting steps for temporal
resolution when using an external UNIX workstation
for data analysis. Because image reconstruction and
image analysis were asynchronous, there was no mu-
tual influence on performance. With EPI, 16 slices
using a 128 3 128 matrix could be reconstructed
within less than 4 sec in a steady state. For a 64 3 64
matrix with 16 slices the minimum TR in the steady
state was 2 sec. For the 32 3 32 matrix the reconstruc-
tion time was identical. Motion compensation re-
quired 4 ms/pixel per iteration on a SUN Ultra 10
Workstation. Using a 128 3 128 matrix, 16 slices, and
3 iterations for motion compensation, combined
steady state data acquisition, reconstruction, and anal-
ysis could be performed with a minimum TR of 4 sec.
For the 64 3 64 and the 32 3 32 matrices, the corre-
sponding minimum TR was 2 sec. With single-slice
Turbo-PEPSI, the minimum TR in the steady state was
1 sec.

Using a Cray T3E it was possible to perform real-
time reference vector optimization (RVO) and up to
nine iterations for motion correction in addition to the
above processing steps with a minimum TR of 4 sec
when using a 64 3 64 matrix and 16 slices. The most
time-consuming function is RVO, but other processing
steps like network transfer and image display also
significantly contribute to the total processing time of
the distributed FIRE application (workstation and
Cray T3E).

Validation of real-time fMRI in visual, motor,
and auditory system

Widely distributed signal changes in primary visual
cortex and in adjacent areas (V1, V2) were reproduc-
ibly detectable within seconds after the onset of flicker
light stimulation or opening the eyes in every single
measurement on all subjects. Maximum correlation
coefficients between 0.8 and 0.95 were measured in
single activation cycles. Flicker light also stimulated
motion sensitive areas (V5/MT). When reducing the
correlation threshold below 0.5 further activity ex-
tending into higher visual areas became visible. When
comparing correlation maps obtained in real-time and
uncorrected Z-maps obtained with SPM very similar
patterns of activation were found after appropriate
adjustments of thresholds (Fig. 4). The minimum stim-
ulus duration detectable in a single trial with a maxi-
mum correlation coefficient of 0.5 was 500 ms.

Sequential finger tapping and foot movements re-
sulted in robust signal changes in contralateral pri-
mary (M1), supplementary motor cortex (SMA), motor
cingulum, primary and secondary sensory cortex (SI,
SII), and ipsilateral cerebellum within seconds after
movement onset (Fig. 5), consistent with our previous
work on motor coordination [Binkofski et al., 1998,
1999; Jäncke et al., 1998]. The maximum correlation
coefficients for movement duration of 20 sec were
between 0.8 and 0.9. Variations in signal response
during multiple repetitions of the paradigm, which
may have been related to habituation or fatigue, were
clearly detectable in real-time. Alternating left and
right foot movement clearly distinguished left and
right foot area of the primary motor cortex.

Very robust signal changes, comparable in inten-
sity to those in visual cortex, were detectable in
bilateral auditory cortex (Heschel’s gyrus) and ad-
jacent areas during the auditory discrimination task
(Fig. 6), consistent with our earlier reports [Jäncke et
al., 1997]. Signal changes were detected within sec-
onds of task initiation with correlation coefficients
of up to 0.8.

Cognitive task

The pattern of activation during silent word gener-
ation was clearly visible after a single activation cycle.
Activation was reproducible and robustly detectable
in left premotor area, left Broca’s area, left posterior
temporal region, and left prefrontal cortex (Fig. 7),
consistent with previous reports [Sadato et al., 1998].
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Single-event tasks

Real-time fMRI of single finger movements was per-
formed with a voxel size of 6 3 6 3 6 mm3 using either
multislice EPI (TR: 1 or 2 sec, a: 90°) or single-slice
Turbo-PEPSI (TR: 1 s,a: 90°). In comparison to EPI
obtained with the same readout bandwidth, func-
tional contrast with Turbo-PEPSI was strongly im-
proved (Fig. 8a, b), consistent with our previous re-
sults [Posse et al., 1999d]. Real-time reference vector
optimization improved functional contrast in M1 and
SMA (Fig. 8c, d). As expected, the degree of improve-
ment was dependent on the choice of the parameter
search space. To avoid false positive results only a
small search range of parameter values (adefault 6 2
sec, bdefault 6 1 sec) was used. With Turbo-PEPSI,
signal changes in M1 and SMA in response to single
finger taps were detectable in 92% of all single trials
(Fig. 8e, Table III). Online analysis detected signal
changes within 10 sec of movement onset. Correlation
coefficients ranged from 0.5 to 0.8. Interindividual
differences in signal response characteristics were
compensated during initial trials by adjusting the pa-
rameters a and b of the hemodynamic response func-
tion to maximize the correlation coefficient. Postpro-
cessing confirmed significant differences in FWHM of
the signal response in M1 (Table III), ranging from 3 to

6 sec. During multiple repetitions of single trials the
activity in SMA tended to decrease, possibly reflecting
motor habituation. Signal changes in M1 and SMA
were measurable for all fingers.

During brisk and uncommon movements, M1/S1
and SMA were activated. Clearly detectable activation
in parietal cortex decreased during multiple repeti-
tions of the paradigms, possibly reflecting increasing
automation of the movements.

DISCUSSION

Effects of voxel size and readout bandwidth on
sensitivity in motor and visual cortex

The aim was to increase sensitivity to the point
where temporal resolution is limited by hemodynamic
response characteristics (delay and dispersion) of
blood flow rather than by technical factors. Decreasing
the spatial resolution increases the extent of activation,
consistent with previous studies [Frahm et al., 1993;
Meyer et al., 1994; Thompson et al., 1994]. The increase
in extent of activation with increasing voxel size is
most pronounced for the focal activation in motor
cortex associated with finger tapping. These strong

Figure 5.
Motor activation in M1/S1, SMA/motor cingulate and SII was
mapped in real time onto a volume rendered high-resolution data
set. Single activation cycle of 15 sec finger tapping versus 15 sec
rest. Same EPI method as in Figure 4. Correlation threshold 5 0.5.

Figure 6.
Activation in auditory cortex (Heschel’s gyrus) during a single
activation cycle (15 sec activation and 15 sec rest) of an auditory
attention task. Same EPI method as in Figure 4. Correlation
threshold 5 0.5.
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changes in extent of activation with voxel size are
unlikely entirely due to partial volume effect or mere
changes in SNR, because the maximum Z-scores did
not change significantly, both for focal activation in
the motor cortex and the more extensive activation
associated with visual stimulation. This is further sup-
ported by the observation that modified spatial filter-
ing to compensate differences in voxel size did not
lead to comparable extent of activation in motor cor-
tex. Thus, it appears that spatial contrast enhancement
due to spatially nonlinear dephasing around blood

vessels contributes to the strong dependence of the
extent of focal activation in motor cortex on spatial
resolution, which is consistent with our previous
phantom measurements and computer simulations of
isolated susceptibility inhomogeneities [Posse and
Aue, 1990].

Reducing the matrix size also reduces the computa-
tional load for real-time processing. The improved
visualization of activated areas with larger voxel sizes
is helpful in the real-time setting where a large
amount of rapidly changing visual information has to

Figure 7.
Silent word generation using a single activation cycle (15 sec activation and 15 sec rest) activates left
premotor area, left Broca’s area, left temporo-parietal region, and left prefrontal cortex. Same EPI
method as in Figure 4. Correlation threshold 5 0.5.
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be monitored. It reveals areas of activation, which
with smaller voxel sizes may have been at subthresh-
old level. It is conceivable that partial volume effect
could impair the detection of very weak activations in
single pixels, if opposite signal changes existed in
adjacent pixels, but this unlikely situation was not
encountered in our studies. In situations where signal
changes are weak and distributed over an extended
area, it is thus advantageous to reduce the spatial
resolution to improve the detection of activation, for

Figure 8.
Real-time fMRI of single left-hand index finger tap. Turbo-PEPSI (b)
increases functional sensitivity as compared to EPI (a) and clearly
display activity in M1 and SMA. Turbo-PEPSI data from a second
experiment before (c) and after (d) reference vector optimization:
Reference vector optimization increases the extent of activation

and mean correlation coefficients in M1 and SMA by adapting the
hemodynamic response function in each voxel to the measured
signal changes. Correlation threshold 5 0.5 in all images. (e)
Typical time course of Turbo-PEPSI signal in M1 after single finger
tap.

TABLE III. Signal characteristics of single finger tap
experiment: Average from 37 single trials.

Right M1
(SD)

Left M1
(SD)

SMA
(SD)

Z-score 3.9 (1.1) 3.4 (0.7) 3.6 (1.0)
Peak FWHM [s] 3.6 (1.2) 3.5 (1.2) 4.4 (1.3)
Time to peak [s] 4.8 (0.7) 4.7 (1.0) 4.4 (0.4)

SD 5 standard deviation
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example when studying weak visual stimuli or
when assessing higher cognitive functions. How-
ever, this gain in sensitivity leads to a loss in spatial
delineation of the foci of activation, which may be
undesirable for certain mapping studies. At clinical
field strengths, high spatial resolution fMRI in real
time does not seem to be feasible, at least not in
single trials. This may change as higher field
strengths become available.

The functional sensitivity achieved with Turbo-
PEPSI in single trials compares favorably with the
sensitivity available at 4 Tesla as evidenced by a recent
study, which reported the detection of motor activa-
tion in response to unaveraged four-finger movements
[Kim et al., 1997]. Turbo-PEPSI appears to provide
fMRI sensitivity at clinical field strengths, which is
otherwise only obtainable at much higher field
strengths.

Real-tme signal analysis

For many applications, in particular for clinical pur-
poses, a rapid analysis of functional activation is
highly desirable. The ability to monitor subject perfor-
mance and movement artifacts immediately after or
even during scanning can help to make decisions
about additional scans or modifications of acquisition
parameters, which may be critical for the success of a
study, and enables the design of interactive para-
digms. The magnitude of the signal response may
vary between subjects due to differences in physiol-
ogy that requires decisions to be made as to how many
measurements must be taken to achieve a desired
statistical significance. Also, it is desirable to monitor
changes in subject attention during the scan. For
event-related and single-trial studies with limited vol-
ume coverage (e.g., when using EPI at high temporal
resolution), it may be advantageous to select a volume
of interest based on a pilot scan, which quickly local-
izes functional areas of interest. Finally, in the clinical
setting the reduced data analysis time increases pa-
tient throughput and reduces cost.

Real-time fMRI is currently being developed by an
increasing number of research groups [Cox et al., 1995;
Goddard et al., 1997; Cohen et al., 1998; Gering and
Weber, 1998; Lee et al., 1998; Frank et al., 1999;
Voyvodic, 1999; Yoo et al., 1999; Gembris et al., 2000],
and major MR manufacturers have started the devel-
opment of their own real-time analysis tools. How-
ever, in contrast to our methodology, the data acqui-
sition and analysis techniques that were used in
previous studies are not suitable for real-time moni-
toring of dynamic changes in brain activity during the

ongoing scan. They can detect signal changes only in a
cumulative manner, which limits their use for interac-
tive paradigms. Some of these methods were designed
to be near-real time; i.e. they are applied immediately
after the scan is finished. Also, most previous imple-
mentations of real-time fMRI required scanners with
modified hardware and image reconstruction on ex-
ternal workstations. In our implementation, real-time
image reconstruction was performed on a standard
clinical scanner, which simplified the implementation
of FIRE and allowed us to perform real-time data
analysis on a standard UNIX workstation.

Despite these advances, our implementation of real-
time fMRI has certain limitations: Detrending of base-
line drifts can reduce functional sensitivity in single
trials [Lowe and Russell, 1999]. More flexible methods
for detrending of baseline drifts and physiological
noise are required. Currently, only simple paradigms
that compare an activated state with a control state can
be used. More flexible approaches such as multivari-
ate analysis and analysis methods based on the gen-
eral linear model as implemented in SPM [Friston et
al., 1995] are highly desirable. The user interface needs
to be improved to enable the user to more rapidly
extract relevant information. The display of the abun-
dant information that is available in real-time can
easily lead to information overload of the experi-
menter. The development of a stereoscopic real-time
display of 3D brain activity using a virtual reality
holobench is in progress [Eickermann et al., 1999].
Methods to compress information and to train the user
to make more efficient use of the methodology must
be developed. Faster image reconstruction and pro-
cessing algorithms to enable multislice Turbo-PEPSI in
real time are desirable to increase sensitivity. The use
of real-time fMRI with open scanners that are cur-
rently being developed opens up exciting opportuni-
ties for functional brain mapping during surgical in-
terventions.

Activation experiments

This study demonstrates the feasibility of detecting
single-stimulus bound activity in real time on a clini-
cal whole-body scanner. This capability was accom-
plished by major increases in sensitivity of data acqui-
sition techniques and by advances in data analysis.
The wide range of stimulation protocols, which were
employed in this study, demonstrates the flexibility
and robustness of our methodology. Our initial expec-
tation was that real-time fMRI was suitable for local-
izing activity in primary sensory systems and in the
motor system. However, to our surprise, even higher
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cognitive functions during a language task, using sin-
gle-block design paradigms, could be monitored quite
robustly. The reliable detection of activation of lan-
guage-eloquent areas during the performance of the
standard word generation task indicates the feasibility
of this method for presurgical diagnostic. The capabil-
ity of monitoring nonaveraged single-event responses
by real-time fMRI extends the possibilities of event-
related fMRI and is complementary to similar efforts
using EEG [Tomberg and Demedt, 1996] and MEG
[Liu et al., 1996] to assess the time course of single-trial
activation. Real-time fMRI can detect changes in activ-
ity patterns and in activation strength in consecutive
trials of one experiment, providing information about
short-term learning or habituation. Detection of short
living changes between consecutive trials is not pos-
sible in conventional event related fMRI due to aver-
aging of trials. It will be of interest to investigate the
limits of temporal resolution for distinguishing re-
gional differences in the onset of neuronal activation.
Combination of real-time fMRI with EEG or MEG may
improve spatial-temporal resolution for measuring
transient brain activity.

Real time fMRI can potentially be applied as a
biofeedback mechanism for operant conditioning of
BOLD signal changes. For example, schizophrenic pa-
tients who suffer from a lack of amygdala activation
during sad mood [Schneider et al., 1998] might profit
therapeutically if real time biofeedback of amygdala
activation was feasible. In previous experiments with
healthy subjects, we demonstrated that the amygdala
is activated during states of sadness [Schneider et al.,
1997]. In ongoing experiments we are investigating
whether healthy subjects can be trained to modulate
regional activity in the amygdala during sad mood
induction with the aid of brain activation maps that
are displayed inside the scanner in real time [Schnei-
der et al., 1999].

CONCLUSIONS

Single-trial real-time fMRI provides exciting oppor-
tunities for novel study designs, such as interactive
paradigms. It is beginning to open up entirely new
opportunities to study the temporal dynamics of brain
activation, including the detection of short-lasting
changes between consecutive trials. The possibility to
monitor ones own brain activity offers intriguing op-
portunities for biofeedback studies. However, it re-
quires experience to fully understand its capabilities
and limitations, which may not be immediately obvi-
ous. We expect that real-time fMRI will be more

widely used in the near future for both clinical and
research studies.
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(GMD,) and G. Goebbels (GMD) for their continuing
efforts to develop a virtual-reality visualization for
real-time fMRI. We thank Helmut Schumacher (NIC)
for help with 3D visualization (Fig. 5). S. Dager (Uni-
versity of Seattle), H.-J. Freund, R. Seitz (both from the
University of Düsseldorf), P. Indefrey (MPI of Psycho-
linguistics), L. Kemna (IME), L. Jäncke (University of
Magdeburg), and C. Konrad (University of Münster)
have made valuable suggestions regarding task de-
sign and methodology. We thank the director of the
Institute for Medicine, K. Zilles, for supporting this
project. We thank D. Suter (University of Dortmund)
for supervising the diploma work and the PhD thesis
of one of the authors (D. Gembris). S. Posse was sup-
ported by EU grant BIOMED II PL 950870. The imple-
mentation on the Cray T3E was performed as part of
the BMBF-funded DFN-project “Gigabit Testbed
West.”

REFERENCES

Behr D, Posse S, Grosse-Ruyken ML, Shah NJ, Wiese S, Müller-
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