¥ Real-fime tMRI-based brain—-computer
J interfacing for neurofeedback therapy
and compensation of lost motor functions

Real-time functional MRI (rt-fMRI) allows for brain—computer interfaces based on hemodynamic brain
signals and opens up various novel clinical applications. For example, rt-fMRI-based neurofeedback has
been suggested as a novel tool for the treatment of neurological and psychopathological disorders. In
contrast to conventional offline applications, neurofeedback requires the analysis of functional MRl signals
online in order to provide participants with information about their brain activation during an ongoing
MRI scan. Recent research supports the idea that an improvement of symptoms of diseases can be achieved
if patients are trained with rt-fMRI-based neurofeedback to change their brain activation patterns. rt-fMRI
also enables online ‘brain-reading’ applications that can be exploited to develop alternative communication
and control devices for patients with severe motor impairments (e.g., ‘locked-in’ patients). Although other
methods, especially electroencephalography-based brain—computer interfacing, have been successfully
used in this context, rt-fMRI-based methods may enable robust communication and control in cases where

traditional approaches do not provide satisfactory results.
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Since its invention in the early 1990s, functional
MRI (fMRI) has rapidly assumed a leading role
among the techniques used to localize brain acti-
vation. fMRI is a noninvasive, functional neuro-
imaging technique that enables the measurement
of brain activation in humans and animals 77 vive
(1]. Generally, neural activation across the whole
brain, including deep brain structures, can be
measured simultaneously with relatively high
spatial resolution in the range of a few cubic
millimeters (the smallest resolved unit is called
a volume element or voxel). As the functional
measurements are continuously repeated (e.g.,
every 2 s), a time course of brain activation can be
recorded while a participant is actively engaged in
a cognitive, emotional, sensory or motor task. So
far, fIMRI is not known to be associated with any
health risks, allowing for repeated and frequent
scanning of the same participant.

Neuronal activity requires energy and oxygen,
which is supplied via capillaries in the immedi-
ate vicinity of the neurons. When a particular
population of neurons becomes active, several
subsequent changes in the vascular system take
place. At first, a transient local decrease in the
blood oxygenation level is caused by the oxygen
uptake of the neurons that is sometimes observ-
able as an ‘initial dip’ in the fMRI response.
After a short period of approximately 3 s the
increased local neuronal activity also leads to a
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strong increase in local blood flow. This response
of the vascular system to the increased energy
demand is called the hemodynamic response.
The hemodynamic response not only compen-
sates quickly for the slightly increased oxygen
extraction rate but it is so strong that it results
in a substantial local oversupply of oxygenated
hemoglobin. As oxygenated and deoxygenated
hemoglobin have different magnetic properties
(susceptibility), the fMRI signal obtained from
the particular brain region alters accordingly.
This phenomenon was discovered by Ogawa
et al. and was labeled as the blood oxygenation
level-dependent (BOLD) effect [2]. As a result
of its functional principles (measuring the neu-
rovascular response rather than neural activity
itself), fMRI presents limited spatial and tem-
poral resolution. Furthermore, it only provides
an indirect measure of neural events. However,
several studies that combined intracortical
recordings and fMRI have demonstrated a tight
coupling between neuronal activity, as reflected
in local field potentials, and the corresponding
BOLD signal 3-¢].

In conventional/traditional fMRI studies, the
data obtained are processed offline. Thus, results
become available long after the MRI scanning ses-
sion has ended [7]. However, since the mid-1990s,
several research groups have been working on the
development of real-time (rt)-fMRI techniques
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that allow for online data processing and ana-
lysis during MRI scanning, immediately after
acquisition of a functional image. This became
possible through recent technical advances
(e.g., in computational power, data acquisition
and analysis techniques) that have considerably
increased the general data processing speed (for
reviews of rt-fMRI methods see [7.8]). After its
initial introduction by Cox and colleagues [9],
re-fMRI has substantially improved [10]. Current
rt-fMRI procedures include most state-of-the-art
data preprocessing and analysis steps of its classi-
cal offline counterpart [7]. Foure 1 illustrates the
general technical setup and information flow in
rt-fMRI experiments.

A variety of potential rt-fMRI applications
have been proposed [7.8], including assurance
of data quality and subject compliance during
data acquisition, educational purposes, adap-
tive fMRI experiments, and brain—computer
interfacing, which is the specific topic of this
article. Generally, a brain—computer interface
(BCI) is used to transform brain activation into
specific computer signals, such as commands

for external devices. re-fMRI-based BCls are
currently used in two major ways: one stream
of research focuses on the possibility to provide
participants with re-fMRI-based neurofeedback
(i.e., information reflecting brain activation in
one or more brain regions with the aim to learn
to voluntarily modulate it). The second direc-
tion deals with the development of alternative
communication and control means for patients
with severe motor disabilities.

rt-fMRI-based brain—-computer
interfacing for

neurofeedback therapy

A research area that has emerged in recent years
is training and treatment through re-fMRI-
based neurofeedback. Learning based on the
highly spatially resolved hemodynamic signal
may give way to new neurofeedback applications,
complementing older methods as, for example,
electroencephalography-based neurofeedback,
which use more global brain signals [11]. In the
past 10 years, research on rt-fMRI-based neuro-
feedback has moved from feasibility studies that
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Figure 1. Technical setup and data flow during online/real-time functional MRI. Following
acquisition of functional data (1), the images are reconstructed (2) and sent to the scanner console’s
hard disk (3). The PC performing data analysis (4) has instantaneous access to the reconstructed
images and the data being processed. In the case of providing neurofeedback information, the
analysis software transfers its output to the stimulation PC (5). For example, a custom-developed
feedback-presentation program generates the visual neurofeedback information (in this case, a
numerical representation of the brain activation level) that is presented via the projector (6) onto the
screen (7) and is visible by the participant. The whole cycle requires about one time to repeat
following data acquisition of a given functional volume.

LCD: Liquid crystal display; PC: Personal computer.
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mainly focused on a ‘proof of concept’ [12-19]
towards studies investigating whether normal
brain functions can be enhanced in healthy
participants [20-23] and towards neurofeedback
therapy studies with patients (Ficure 2) [24.25].
These first studies showed that participants were
able to achieve control over their brain activa-
tion [12,14-18], that r-fMRI-based neurofeedback
was a crucial aspect of learning [15-18,20,21,24],
and that participants were able to increase their
brain activation linearly throughout the train-
ing [14.1517,18,20-22,24,25]. This was remarkable
as the total duration of the pure training time
of all neurofeedback studies was rather short
(6-30 min). In the feasibility studies, the par-
ticipants were instructed to use simple mental
imagery strategies (with the content depending
on the target region) as a starting point in the
training, and to ‘fine-tune’ this strategy based
on the neurofeedback that they received. In the
beginning, the neurofeedback target region was
defined based on anatomical criteria [14]. In order
to optimize the feedback signal, individual target
regions were later defined functionally using a
task similar to the initial active training strategy.

The success of these feasibility studies led to
a second generation of studies with the goal to
modify cognition and behavior through neuro-
feedback-based learning. First studies suggested
that participants were able to react faster in a
finger sequence task and perform better in a
word memory task after they learned to upreg-
ulate activation in the supplementary motor
area [1923]. In a second study it was demon-
strated that learning to control the activation
of finger and toe representations in motor and
somatosensory areas could speed up reaction
times in a hand and toe button press task [20]. In
addition, it was demonstrated that participants
improved their accuracy in a prosodic language
task by learning to upregulate activation in the
right inferior frontal gyrus [21). A recent study
investigated whether learning to control amy-
gdala and insula activation through r-fMRI-
based neurofeedback can influence the scores of
healthy participants on a mood-rating scale [22].
This research may be an important first step
towards an re-fMRI-based neurofeedback treat-
ment for mood disorders. It has long been known
that the hyperactivation of the amygdala, as well
as the deregulation of brain circuits involved in
emotion processing play a crucial role in depres-
sion [26]. Amygdala hyperactivation has also been
linked to some behavioral patterns observed in
depressed patients, for example excessive rumina-
tion or the intrusion of emotional memories [26].
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Importantly, since pathological brain activation
patterns and dysfunctional behavioral patterns
are linked, ‘changing the brain’ in the right
direction may change cognition and behavior
accordingly. A technique such as re-fMRI-based
neurofeedback that gives patients direct access to
underlying pathological brain activation could,
thus, be a novel and immediate route in therapy.
The most intriguing question is whether it is pos-
sible to learn with refMRI-based neurofeedback
to substantially influence the complex cognitive
processes involved in neurological and psycho-
pathological disorders. If this would be possible,
rt-fMRI-based neurofeedback could enable new
forms of therapies for patients.

A study that was recently conducted with tin-
nitus patients demonstrated that refMRI-based
neurofeedback learning may directly impact the
patients’ symptoms. While an re-fMRI-based
neurofeedback study with healthy participants
had already demonstrated that it is possible
to control activation in auditory brain regions
during auditory stimulation [16], the study with
tinnitus patients demonstrated that this is also
possible when tinnitus is the source of a hyper-
activation within auditory brain regions [2s].
Importantly, a mild decrease of symptoms could
be achieved in some patients. Interestingly, in
the above mentioned studies, slightly more com-
plex mental strategies were applied than the ones
used in the feasibility studies (which mainly
implemented mental imagery). In the study with
healthy participants, attention manipulation
was suggested to control activation in auditory
regions during auditory stimulation [16]. In the
study with tinnitus patients, participants were
advised to use their daily coping strategies [25].

The best-known rt-fMRI-based neuro-
feedback study with patients is the study by
deCharms ez al. 24]. To investigate the effects
of refMRI-based neurofeedback on pain symp-
toms, this study included healthy participants as
well as refractory chronic pain patients and used
several control groups. In healthy participants,
the pain was provoked using a hot thermode.
All participants were instructed to modulate the
activation level in the anterior cingulate cortex
through the use of attention-related strategies,
reappraisal and emotion-control techniques. This
study led to an interesting observation: while
patients primarily learned to increase their brain
activation during the training, which was accom-
panied by an increased pain level, a decrease in
pain perception was reported immediately after
the training [10]. A 40-60% reduction of pain
symptoms was achieved in the experimental
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Online/rt-fMRI-based brain—computer interfacing
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Figure 2. Overview of recent functional MRI-based brain-computer interface research.

rt-fMRI: Real-time functional MRI.

patient group receiving the neurofeedback,
while the pain reduction was significantly lower
(10-20%) in the patient control group. Providing
patients with the experience that they can cope
with an increased level of their symptoms dur-
ing re-fMRI-based neurofeedback may be a
very potent therapeutic mechanism. However,
it should be noted that the authors themselves
reported the possibility that the results of the
neurofeedback patient group may be also inter-
preted as “a trained, controllable form of the
typically unconscious placebo effect” [24].

rt-fMRI-based brain—-computer
interfacing for compensation of lost
motor functions

Certain medical conditions (e.g., stroke and pro-
gressive neurological diseases) can lead to a cen-
tral nervous system-induced severe motor paral-
ysis. The extreme case of such motor disability,
when a patient suffers from a virtually complete
motor de-efferentiation, leading to quadriplegia
and speech anarthria, has been characterized
as the so-called ‘locked-in’ syndrome [27]. The
resulting inability to naturally communicate or
to control the environment implies severe ethi-
cal and practical problems for affected patients,
their relatives and carers. Therefore, developing
motor-independent communication and control
means is of prime importance. One remaining
possibility is the employment of BCls; when
the patient’s sensory and cognitive functions
and associated brain activation are preserved,
so that she/he can intentionally generate distin-
guishable neuronal responses, a specific coding
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scheme can be implemented allowing the patient
to convey basic thoughts and needs, or to con-
trol, for example, electromechanical hardware
to a limited extent.

One major goal in this context is to increase
the number of different commands that can
be generated by the BCI user, measured by the
applied brain imaging method, and ‘interpreted’
(decoded) by the BCI system as this would
increase communication/control flexibility and
efficiency. Since human brain functions can be
spatially localized and fMRI provides relatively
high spatial resolution, this method provides a
great opportunity to increase the degrees of free-
dom in BCI applications. Separate commands
can be encoded by employing different cogni-
tive brain functions. Since different cognitive
states evoke spatially distinct brain activation
patterns that can be disentangled by fMRI ana-
lysis techniques, the encoder’s original intention
can be derived.

This possibility has already been tested in
several studies with healthy participants. In a
pioneering study, participants were asked to
perform four different mental tasks (right hand
motor imagery, left hand motor imagery, men-
tal calculation and inner speech) that evoke
differential brain activation at four distinct
brain locations and were interpreted as four
predetermined BCI commands (right, left, up
and down) [28]. This allowed the participants to
virtually navigate through a simple 2D maze by
solely using repeatedly performed mental proc-
esses. Each movement command was based on
the average of three trial repetitions and took
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2.15 min. While this study demonstrated fea-
sibility of using rt-fMRI as the basis for BCI,
the transferred information rate was very low
(~1 bit/min). Recently, the same research group
demonstrated that it is also possible to control
2D movements of a robotic arm by using the
same principles [29]. A similar approach was
followed by Monti and colleagues in an online
fMRI study (30]. Participants were asked auto-
biographical questions that they were supposed
to answer with ‘yes’ or ‘no’ by generating two dif-
ferent mental states (motor imagery and spatial
navigation). Based on five trial repetitions of the
particular mental task, the experimenters were
able to infer each participant’s answer correctly.

Note, however, that only relatively few men-
tal tasks seem to be suited to code separate BCI
commands using fMRI signals. So far, only
four classes of mental tasks have been success-
fully explored and employed for this purpose:
motor imagery, spatial navigation, mental cal-
culation and inner speech [28-33]. Thus, addi-
tional approaches for increasing the degrees of
freedoms for coding separate information units
are desired. Therefore, our research group has
tested whether it might be feasible to hemody-
namically encode different commands through
using discrete BOLD signal levels. By imple-
menting re-fMRI-based neurofeedback training,
participants succeeded to reach three different
target levels within one fMRI session [34]. In a
follow-up study, extending the training to four
fMRI sessions, up to four levels could be accom-
plished [35]. However, a reliable differentiation
was only possible when data were averaged across
many trials, which called the practicality of this
approach into question.

Recently, our research group has concentrated
on the possibility to encode a particular BCI
command based on a single mental process
rather than several trial repetitions, which were
implemented in all aforementioned studies. It
had been previously demonstrated by Posse and
colleagues that a single internal event can prin-
cipally be assessed online [13.3¢). In one study, we
were able to demonstrate that participants can
play an analogue of the computer game ‘pong’
simply by adjusting their single-trial brain activa-
tion level [3738]. In another study [39], participants
became able to answer multiple-choice questions
(with four answer options) by means of single-
trial BOLD responses that were intentionally
generated by performing a certain mental task
within a particular time window. It is worth not-
ing that the procedure took less than 1 min per
answer and did not involve any pretraining as
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required for most electroencephalography-based
communication approaches. Furthermore, by
further exploiting spatio-temporal BOLD char-
acteristics, we developed a procedure that allows
for selecting, hemodynamically encoding and
offline decoding any letter of the alphabet based
on a single cognitive event [40]. Currently, we are
working on setting up an re-fMRI-based BCI
that allows for reliable letter decoding online,
thus, enabling participants to communicate any
given word during an ongoing MRI session [41].

Brain—computer interfaces based on hemo-
dynamic (vs neuroelectric) brain signals may con-
stitute an important alternative communication
means, for example for patient populations so
far not benefiting from electroencephalography-
based approaches (e.g., complete locked-in
syndrome patients) [42].

Future perspective

® rt-fMRI-based

neurofeedback therapy

While it is clear that research on treatment of
patients with rt-fMRI-based neurofeedback is
still in its early development, the first results
convincingly show that this technique may offer
fascinating new possibilities. Readjusting the bal-
ance in a deregulated brain system as performed
in the study with tinnitus patients seems to be one
possibility [25]. Another idea is that we may sim-
ply change relevant brain systems permanently
by using them over and over again in a certain,
productive way [43]. This rehearsal of new behav-
iors may become more effective if patients can
be guided with refMRI-based neurofeedback in
this process. Another promising route to therapy
may be that patients can learn to mimic desired
brain states, or mimic the brain states of others
(10]. This implies, of course, that we need to be
able to define desirable brain states through fun-
damental research in cognitive and effective neu-
roscience. Yet another approach to re-fMRI-based
neurofeedback therapy may be to offer patients
the possibility to work in a more goal-oriented
fashion during therapy. If we would know the
neural correlates of therapeutic success in its final
stage, we could give patients more freedom in
finding their own way towards this goal. This
may eventually lead to the discovery of new cop-
ing mechanisms. In general, it can be concluded
that refMRI-based neurofeedback can be used
to teach patients how to evoke certain mental
states through evoking desirable brain states.
However, more cognitive and affective neuro-
science research will be necessary to define which
brain states correlate to desirable mental states.
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Since this approach involves a transfer of desir-
able neural activation states to other participants,
further research of advanced brain normalization
schemes, such as cortex-based alignment [44.45),
is important in order to better relate homologue
brain regions across participants’ brains. Before
regular clinical use, fMRI-based neurofeedback
training needs to be evaluated in larger clinical
trials, including appropriate control groups, with
the goal to assess its effectiveness alongside con-
ventional treatment approaches. These trial stud-
ies will reveal for which diseases and/or for which
patients rt-fMRI-based neurofeedback will be
the most appropriate treatment method. Besides
the aforementioned disorders (treatment of pain,
mood disorders and tinnitus), we expect that
several psychiatric conditions will benefit from
r-fMRI-based neurofeedback, including particu-
lar symptoms of schizophrenia (e.g., reducing the
strength of auditory hallucinations), anxiety (e.g.,
reducing fear during confrontation with anxiety
provoking cues), addiction (e.g., reducing crav-
ing), autism (e.g., reducing fear for facial expres-
sions) and reduction of antisocial behavior [4¢].
For the treatment of some disorders it may turn
out that the functional coupling between brain
regions is more relevant than information about
the mean activation level in small regions or larger
networks. Thus, in the future it might be promis-
ing to modulate functional connectivity through

rt-fMRI-based neurofeedback.

B rt-fMRI-based communication

& control devices

The success of the first r-fMRI-based commu-
nication tools is based on the rather robust task-
related BOLD signal changes, whole-brain cover-
age and high spatial resolution of fMRI. These
properties have also been recently exploited to
diagnose the level of awareness in patients with
disorders of consciousness [32,33]. Advances in
fMRI data analysis, such as better algorithms
for the decoding of mental states, will further
strengthen the role of fMRI for the detection of
preserved consciousness in vegetative state patients
and for developing robust communication tools
for patients with severe motor impairments.

The assignment or ‘classification’ of activity pat-
terns evoked by mental tasks to specific computer
commands or choice selections has previously been
performed mostly using signals from prelocalized
regions of interest. An interesting new approach
currently under investigation [47] constitutes the
use of multivoxel pattern classification algorithms
that have been used extensively for offline ‘brain
reading’ in recent years [48]. Multivoxel pattern

Imaging Med. (2010) 2(4)

classifiers are adaptive and learn to associate dis-
tributed activation patterns with performed men-
tal tasks. Since multivoxel pattern classification
algorithms are ‘learning machines’ and more sensi-
tive than univariate (or regions of interest based)
analyses [49.50], they may lead to BCls that adapt
to the mental states evoked by participants, espe-
cially when they are changing over time. In light
of these attractive properties, multivariate pattern
classifiers are likely to become an integral com-
ponent of re-fMRI-based brain reading systems
in the future. However, it is worth noting that
generalization to novel brain states requires classi-
fiers trained with a sufficient number of examples
before they can assign subsequent brain states to
one of the learned mental tasks.

The previous discussion indicates that progress
in refMRI-based neurofeedback and communi-
cation/external control applications depends not
only on technical and methodological advances
butalso on progress in cognitive and affective neu-
roscience. Improved knowledge with regard to rel-
evant brain structures and their connectivity will
be helpful for deciding what brain regions or net-
works to select in order to optimally achieve cer-
tain therapeutic effects — ideally more efficiently
than when using traditional (e.g., behavioral)
treatments. On the other hand, r-fMRI-based
neurofeedback may also serve as an innovative
‘introspective’ tool to learn about the functions
subserved by specific brain regions. Since partici-
pants fine-tune their initially chosen mental tasks
to improve voluntary modulation of signals in a
targeted brain region, researchers can learn about
the function of these brain structures by asking
participants what they were mentally doing.

B From stationary rt-fMRI-based

to other mobile

hemodynamics-based devices

While rt-fMRI offers exciting developments
for neurofeedback and communication/control
devices, fMRI is an immobile and expensive
technology and it would be economically chal-
lenging to allow large patient populations to
benefit from these innovative tools. However,
there is a related optical technology — func-
tional near-infrared spectroscopy (fNIRS) — that
measures a signal similar to fMRI [s152]. Several
studies have already indicated that {NIRS might
become a promising additional tool for BCI pur-
poses [53-55]. It will be important in future years
to further investigate the suitability of fNIRS
for neurofeedback and communication/control
of external devices since this technique could be
used at the patient’s bedside.
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While fNIRS is portable and much less
expensive than fMR], it only allows the meas-
urement of activation in brain regions that are
close to the surface of the head. fNIRS will,
therefore, be better suited for replacing fMRI-
based communication tools than fMRI-based
neurofeedback tools since the latter usually
require feedback from rather deep cortical (e.g.,
cingulate cortex and insula) and sub-cortical
brain regions (e.g., amygdala).
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Executive summary

subcortical brain regions.

= Real-time functional MRI (rt-fMRI) differs from other brain-computer interface approaches, such as electroencephalography, by
providing a high spatial resolution throughout the whole brain, allowing for the extraction of signals from specific cortical and

= Learning how to change one’s own brain activation pattern through rt-fMRI-based neurofeedback can have a positive impact on
cognition and behavior in healthy participants as well as in patients.
= Fundamental research in cognitive and affective neuroscience is necessary to define which brain states are desirable mental states that
may be learned through rt-fMRI-based neurofeedback.
= rt-fMRI-based methods may enable immediate and robust communication and control for ‘locked-in’ patients, especially in cases in
which traditional approaches do not provide satisfactory results.
= Since functional near-infrared spectroscopy is also based on hemodynamic brain signals, it has the potential to bring some benefits of
rt-fMRI-based neurofeedback and communication to the patient’s bedside.
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