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Real-time fMRI feedback training may improve

chronic tinnitus

Abstract Objectives: Tinnitus
consists of a more or less constant
aversive tone or noise and is asso-
ciated with excess auditory activation.
Transient distortion of this activation
(repetitive transcranial magnetic
stimulation, rTMS) may improve
tinnitus. Recently proposed operant
training in real-time functional
magnetic resonance imaging (rtfMRI)
neurofeedback allows voluntary
modification of specific circum-
scribed neuronal activations.
Combining these observations, we
investigated whether patients
suffering from tinnitus can (1) learn to
voluntarily reduce activation of the
auditory system by rtfMRI neuro-
feedback and whether (2) successful
learning improves tinnitus symptoms.
Methods: Six participants with
chronic tinnitus were included. First,
location of the individual auditory
cortex was determined in a standard
fMRI auditory block-design localizer.
Then, participants were trained to
voluntarily reduce the auditory
activation (rtfMRI) with visual
biofeedback of the current auditory
activation. Results: Auditory activa-

Introduction

Tinnitus consists of the auditory perception of sounds or
noise not caused or triggered by external auditory stimuli,
and affects millions of people [1]. It is estimated that in 1—
3% of the general population tinnitus becomes chronic and
sufficiently intrusive to interfere with patients’ quality of
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tion significantly decreased after
rtfMRI neurofeedback. This reduced
the subjective tinnitus in two of six
participants. Conclusion: These
preliminary results suggest that
tinnitus patients learn to voluntarily
reduce spatially specific auditory
activations by rtfMRI neurofeedback
and that this may reduce tinnitus
symptoms. Optimized training
protocols (frequency, duration, etc.)
may further improve the results.
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Biofeedback - Tinnitus -
Neurofeedback

Abbreviations BOLD: blood
oxygenation level dependent -
DLPFC: dorso-lateral prefrontal
cortex - EEG:
electroencephalography - EPI:
echoplanar imaging - fMRI:
functional magnetic resonance
imaging - rtfMRI: real-time functional
magnetic resonance imaging - rTMS:
repetitive transcranial magnetic
stimulation - VLPFC: ventro-lateral
prefrontal cortex

life [2]. The underlying neuronal mechanism is only
partially understood, and treatment options are limited [3]. It

was shown that tinnitus is associated with over-activation
within the auditory network [4—6]. Further, it was shown that
repetitive transcranial magnetic stimulation (rTMS) over the
auditory area that temporarily disrupts neuronal activations
may alleviate tinnitus symptoms [6—8].



Biofeedback allows learning voluntary control over
otherwise autonomous physiological parameters by means
of operant training by providing real-time feedback of a
particular physiological change. Biofeedback was first
demonstrated for the autonomous nervous system (heart
rate and skin conductance) in the 1950s [9]. In the nervous
system, biofeedback (also called neurofeedback) classi-
cally uses electroencephalography (EEG), for example, to
restore communication in severely paralyzed patients [10,
11]. Recently, real-time functional magnetic resonance
imaging (rtfMRI) neurofeedback was introduced [12-15].
This non-invasive technique has a substantially higher
spatial resolution compared to EEG [13]. We reason that
this high spatial resolution of rtfMRI implies a substantial
clinical power because it is possible to learn voluntary
control over specific brain areas, while EEG feedback
allows modifications of large cortical areas only. The
majority of the few available rtfMRI biofeedback studies
investigated the principal feasibility of rtfMRI neurofeed-
back and the neuronal mechanisms of neurofeedback in
healthy volunteers [13, 14, 16]. To date, only one
controlled rtfMRI group study in patients is available that
demonstrates a beneficial effect of rtfMRI neurofeedback
in chronic pain patients [15].

Combining the above-mentioned observations, we
hypothesize that subjects with tinnitus can (1) learn to
voluntarily reduce the hyperactivity of auditory brain areas
by means of rtfMRI neurofeedback and that (2) this reduces
tinnitus symptoms.

Materials and methods
Subjects

The study was approved by the local ethics committee of
the Medical Faculty of the University of Tiibingen,
Germany. Six subjects (three females, three males, age
36.0£14.2 years) gave their written informed consent prior
to inclusion. All subjects had continuous, non-pulsating
tinnitus (5 monaural, 1 binaural) for several years. Tinnitus
self-assessments [17, 18] were performed before and after
the MRI session.

Task procedure

First, a standard fMRI auditory block-design paradigm was
performed to identify individual primary auditory cortices
(ROIN) with 20 s ON, 20 s OFF bilateral auditory stimula-
tion, with sine tone of 1,000 Hz pulsating at 6 Hz. This
stimulus is known to induce a strong and long-lasting
BOLD response [19]. Thereafter, we applied four rtfMRI
neurofeedback training sessions (each 4 min 24 s). Each
trial started with a 10-s baseline period followed by a
block-design alternating between down-regulation and no-

regulation periods lasting for 18 s each. To account for
unspecific and global BOLD changes, we used a second
ROI (ROI2) posterior and inferior to the primary auditory
area at the temporo-occipital junction and provided the
difference between the target auditory ROI1 and control
ROI2 as feedback. We used two criteria for selecting the
control region: (1) no activation during the auditory
localizer session and (2) the area not involved in tinnitus
or in the established rtfMRI experiments in healthy
controls.

In the down-regulation trials, visual feedback was
presented by means of thermometer bars [20]. During no-
regulation tasks, no feedback signal was given, and the
thermometer display showed no activation changes. During
the no-regulation condition, the subjects were asked to count
back silently. The participants were informed about the data
processing delay of 1.5 s and of the intrinsic physiological
hemodynamic response delay of about 6 s. The subjects were
not instructed to use a certain strategy for down-regulation,
and we recommended using a strategy that already helped
them to reduce the intensity of the tinnitus noise in their daily
life.

We used the Turbo BrainVoyager software package
(www.brainvoyager.com) in combination with in-house
Matlab (www.mathworks.com) scripts for real-time data
analysis.

fMRI data acquisition

Functional images were acquired on a 3-T whole body MR
scanner with a standard 12-channel head coil (Siemens
Magnetom Trio Tim, Siemens Erlangen, Germany). A
standard Echo-Planar Imaging sequence was used [EPI; TR
(repetition time)=1.5 s, matrix size=64 X 64, effective echo
time TE (echo time)=30 ms, flip angle «=70°, bandwidth=
1.954 kHz/pixel; 16 slices; voxel size=3.3x3.3%5.0 mm’,
slice gap=1 mm]. Additionally, we acquired an anatomical
T1-weighted whole brain scan (MPRAGE, matrix size=
256%256, 160 partitions, 1 mm? isotropic voxels, TR=
2,300 ms, TE=3.93 ms, TI (inversion time)=1,100 ms,
a=8°).

Offline post-hoc fMRI data analysis

The post-hoc, off-line data analysis was done with the
SPMS5 statistical parametric mapping software package
(Wellcome Department of Imaging Neuroscience, London).
Processing included spatial data smoothing (8-mm Gaussian
kernel), temporal drift removal (0.0088-Hz high-pass
filtering) and spatial normalization to the Montreal Neuro-
logical Institute (MNI) space. The six movement regressors
were used as confounds to reduce movement-related
variance. All conditions were modeled with a canonical
hemodynamic response function (HRF) using standard SPM
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5 settings. The following contrasts were analyzed: down-
regulation vs. no-regulation and no-regulation vs. down-
regulation. We performed two major analyses.

At the single subject level, we tested the within-subject
learning effects by estimating a linear decrease in activity
over sessions (Table 1). The reported single-subject p-values
were not corrected for multiple comparisons, because we
describe single-subject effects. All identified significant
voxels were within the ROIs of the auditory localizer runs.

At the group level, a fixed-effects group analysis was
performed using the last session of each subject testing for
the amount of successful down-regulation at the end of the
training, i.e., contrasting the down-regulation trials versus
the no-regulation tasks (Fig. 2a,b,e,f,g, Table 2). Effects
were considered as significant using a whole-brain familiy-
wise error rate (FWE) of p<0.001. Additionally, we
performed a linear regression t-test analysis of the
individual BOLD responses in the auditory areas separately
for the right and left auditory areas with session number as
the independent and the parameter estimates of each
subject as the dependent variable (Fig. 2c,d). This test was
performed one-tailed under the strict a priori hypothesis of
decreasing activations over training sessions.

Results
Single subject analysis

Five of the six included subjects successfully learned to
down-regulate their activations in the auditory ROI. An
example subject is illustrated in Fig. 1. The individual peak
areas with linear signal decrease over time are listed in
Table 1.

Table 1 depicts the test of linear signal decrease over training
sessions at the individual level: peak activation of the activation
cluster in MNI standard space, corresponding t-value and p-value

Group analysis

Regression analyses revealed a significant linear decrease
in the auditory activations over the training sessions
(p<0.05 bilaterally; Fig. 2 c, d). The group analysis of
the last training session shows a significant decrease in
activation after rtfMRI neurofeedback training in bilateral
auditory areas (Fig. 2 a, b; Table 2). Moreover we found
deactivations in the occipital lobe and in areas comprising
the default brain network during resting states (prefrontal
cortex, precuneus, inferior parietal lobe). Note that this
decrease in activation is spatially restricted to the above-
mentioned areas, not a general decrease in neuronal
activations of the whole brain. Increased activations during
rtfMRI neurofeedback training were found in bilateral
insula extending to the ventro-lateral prefrontal cortex
[VLPFC, the right dorso-lateral prefrontal cortex (DLPFC)
anatomical labeled as middle frontal gyrus and right
occipito-temporal junction].

Behavioral data

Subjects reported no change (N=4) or mild improvement
(N=2) in tinnitus symptoms after rtfMRI neurofeedback
(follow-up questionnaire approximately 2 weeks after
training). None of the patients reported increasing tinnitus
symptoms.

Discussion

The present investigation is based on the combination of
three previous findings: (1) tinnitus is associated with

(uncorrected). Except for subject 3, all subjects successfully
decreased the activations by means of rtfMRI neurofeedback
training

Subject Side MNI coordinates t-value p-value
X y zZ
1 Left -39 =33 15 t=7.05 p<0.0001
Right 48 —24 9 t=6.65 p<0.0001
2 Left —48 =30 9 t=7.68 p<0.0001
Right 60 —21 12 t=8.09 p<0.0001
3 Left Not significant
Right Not significant
4 Left -39 -33 18 t=2.61 p=0.005
Right 48 =30 9 t=3.13 p=0.001
5 Left —36 —27 27 t=3.30 p=0.001
Right Not significant
6 Left —45 —21 21 t=3.12 p=0.001
Right 42 =27 21 t=2.92 p=0.002




Table 2 Lists those areas with a significant decrease in activation
(top) or increase (bottom) as a result of the rtfMRI neurofeedback
training sessions. Brain region of the decreasing/increasing activa-

tion, peak coordinate x,y,z in Montreal Neurological Institute (MNI)
space and t-value (family-wise error, FWE, rate corrected, p<0.001)

Brain regions MNI coordinates t-value
X y z

Decreasing activation during rtfMRI training
Occipital lobe R 27 -96 6 8.99
Occipitallobe L =30 -93 -3 8.24
Precuneus 0 —54 42 8.74
Angular gyrus R 45 -69 39 8.21
Angular gyrus L —42 -69 39 6.80
Superior medial frontal cortex L -9 60 33 7.13
Superior medial frontal cortex R 0 66 24 6.65
Heschl gyrus R 39 —27 18 6.15
Heschl gyrus R 60 -12 15 5.51
Heschl gyrus L =57 -12 18 5.05
Middle temporal gyrus L —60 —48 -9 5.24

Increasing activation during rtfMRI training
Insula R 33 27 0 7.96
Middle temporal gyrus R 39 —66 15 7.18
Frontal Inferior opercularis R 51 9 21 6.98
Middle frontal gyrus R 36 42 21 5.69
Insula L -36 18 -6 6.26
Middle occipital L =30 =75 21 5.55

excess auditory activation [4—6]; (2) transient reduction or
interruption of this activation (repetitive transcranial mag-
netic stimulation, TMS) may improve tinnitus [6—8]; (3) real-
time fMRI neurofeedback allows learning the voluntary
control of localized neuronal activations through operant
training [12—15].

In accordance with our hypothesis, patients with tinnitus
successfully learned to reduce the auditory activations by
means of rtfMRI neurofeedback. This improved the subjec-
tive tinnitus symptoms in some patients. The current proof of
principle results justify future rtfMRI neurofeedback studies
in tinnitus in larger cohorts and adequate controls.

Concerning the brain activations, rtfMRI neurofeedback
training induced a significant decrease in the activations of
the auditory cortex despite the small sample size of only six
participants, which implies a high potential effect of itfMRI
neurofeedback. Our data support findings of recent studies
showing that with rtfMRI-neurofeedback people can learn
to control changes of their BOLD signal in circumscribed
brain areas within a few sessions [14, 15, 20]. Only one of
six participants did not manage to down-regulate the
activations in the primary auditory cortex.

Although the task of the present study was to decrease
activations within the auditory cortex as discussed above,
the post-hoc data analysis identified additional and
spatially separated regions with decreasing activations,

although these areas were not included in the feedback
display of the rtfMRI training: the medial frontal cortex, the
precuneus and the angular gyrus extending to the inferior
parietal lobe. These areas are part of the ‘default brain
network’ [21, 22] and consistently active during resting
states or show deactivations during cognitively demanding
tasks [22, 23]. Conversely, increasing activations were
found in the insula extending to the bilateral VLPFC and
the right DLPFC. The increasing activation within these
regions during down-regulation of the primary auditory
area might suggest a functional role of these areas in the
down-regulation process. These areas were reported during
self-regulation of emotional responses using cognitive
reappraisal strategies or during diverting attention from
emotional arousal stimuli [24, 25]. It was proposed that the
insula might play a critical role in mediating the influence of
peripheral autonomic arousal on consciously experienced
emotional states [26, 27]. Correspondingly, the subjects in
the present study primarily used positive events (remember-
ing pleasurable events like a holiday) or relaxation-related
strategies (‘autogenic training’) to decrease the activation in
the auditory cortex.

Concerning the behavioral effects, we cannot expect that
in this proof-of-concept study four training sessions within
a single day will evoke a strong effect, in particular because
tinnitus is a chronic condition lasting for several years in



Fig. 1 Illustrates the experi-
mental setup for a single subject.
First, a standard fMRI block-

AUDITORY LOCALIZER

I FEEDBACK l

design auditory localizer in
combination with real-time data
analysis was used to identify the
individual auditory areas (a,
screen-shot of the real-time data
analysis using Turbo Brain-
voyager, www.brainvoyager.
com). The right auditory area
(green square) and left auditory
area (red square) illustrate a
clear task-related BOLD re-
sponse (graphs on the right-hand
side with baseline periods in
blue and auditory stimulation
periods in green). Note the
hemodynamic delay of the
BOLD response. The third,
lowest graph on the right-hand
side illustrates the on-line motion
correction. In a second step, the
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individually defined auditory
areas were used for the rtfMRI

neurofeedback. A thermometer
bar was visually presented to the
subjects inside the MRI scanner
(b) that indicated the current
BOLD activation in the auditory
region of interest. Subjects trained
to down-regulate this activation.
The presented example illustrates
a current down-regulation
(thermometer below the mean).
The post-hoc data analysis of a
single subject depicts those areas
that are down-regulated after the
rtfMRI biofeedback training (c).
Additionally, the evolution of the
BOLD activations, illustrated as
BETA estimate contrast (in
arbitrary units) over the four
training sessions, is illustrated for
left (d, at locations X —39, Y —33,

Z 12 in Montreal Neurological d e
Institute MNI space) and right = 17 5 1
(e, at locations X 48, Y —24,Z9) < P
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our patients. Correspondingly, the mean activation
continuously decreased within the first four training
sessions (Fig. 2 c,d). On the other hand, the observed
positive minor behavioral effect despite only 1 training
day suggests a substantial potential effect of rtfMRI
neurofeedback in tinnitus. Necessary optimizations of

rtfMRI training include adjustment of the number,
duration and frequency of the rtfMRI training sessions.
Learning is difficult in the absence of guidelines for
mental strategies and can lead to a drop of motivation,
especially in the uncomfortable environment of the MRI
scanner [15, 28]. The rtfMRI biofeedback algorithm has


http://www.brainvoyager.com
http://www.brainvoyager.com

Fig. 2 Tllustrates the effect of the
rtfMRI neurofeedback training of
the group analysis (N=6).

DECREASING ACTIVATIONS

Decreasing activations after
rtfMRI neurofeedback are present
in the bilateral auditory area
(yellow circles in a and b) and in
the default brain network
(prefrontal cortex, precuneus,
inferior parietal lobe). The
additional linear regression
analysis of the activations in the
left (¢) and right (d) auditory area
demonstrates a significant
decrease over the four training
sessions. Increasing activations
(E-F) were present in bilateral
insula extending to the bilateral
VLPFC and right DLPFC, and
right occipito-temporal junction.
SPM convention, left hemisphere
on left hand side

c LEFT AUDITORY AREA d RIGHT AUDITORY AREA
y = 0.482 - 0.211 x: p<0.05 y = 0.600 - 0.276 x; p<0.05
2 : 2
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wi 2 = w
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to be optimized, and the training protocol should be
adapted to the individual patient.

Previous rTMS studies improved tinnitus [6—8]; however,
the effect is transient and depends on the presence of the
rTMS device. The rtfMRI neurofeedback technique has
the advantage that once a participant has learned to control
the individual auditory activations, this strategy can be used
in every day life to improve tinnitus. Previous EEG
biofeedback studies in tinnitus successfully improved
tinnitus symptoms by up-regulating alpha-activity and
down-regulating beta-activity [29] or by enhancement of

tau activity within the alpha frequency range and concom-
itant reduction in delta power [30]. As compared to these
EEG studies, the major advantage of rtfMRI biofeedback is
the much higher spatial specificity that allows for selective
reduction of the auditory activation only.

This proof of principle study aims to illustrate the
clinical potential of rtfMRI neurofeedback. Tinnitus was
chosen as an example because of the existing clear apriori
hypotheses and the localized target region. The presented
principle of rtfMRI neurofeedback represents a novel
‘therapeutic’ instead of the usual diagnostic application of



MRI. This principle might be transferred to other diseases
with presumed excess neuronal activations, such as auditory
or visual hallucinations. Likewise, rtfMRI biofeedback might
also be used to increase neuronal activations, e.g., in stroke
patients with motor disorders, as increased motor activity
might improve motor dysfunctions [31].

A major limitation of the presented proof of concept
investigation evidently is the small sample size.

The frequency of the auditory localizer stimulus was
identical in all subjects despite differences in the subjective
tinnitus frequency. Given the established tonotopic orga-
nization of the auditory cortex, [32], we reason that the
auditory stimulus of the functional localizer experiment
should ideally match the subjective tinnitus to detect the
exact sub-region of the auditory area. Due to the com-
parably small distance of the tonotopic distribution in
relation to size of the volumes-of-interest, future studies are
needed to determine whether the additional effort of
generating individually tuned auditory stimuli outweigh
the more convenient use of a standardized “fixed” auditory
stimuli, in particular with respect to potential clinical
applications of the presented technique.

A general concern in rtfMRI neurofeedback is related to
the spatial specificity of the learned modification of brain
activations. The BOLD response is influenced, for
example, by respiration and the related blood level of
carbon dioxide [33]. Subjects might simply hyperventilate
to reduce the BOLD activations that also—but not
specifically—includes the auditory regions. To control
for global effects, we provided feedback as the difference
between the target auditory area against a distant control

region. Additionally, the post-hoc group comparison of
brain activations after rtfMRI training versus prior to
training (Fig. 2) confirms that the subjects learned a region-
specific down-regulation of the auditory areas.

Another limitation is the absence of control groups. The
only available clinical rtfMRI group study found a beneficial
effect of neurofeedback in patients (N=8) with chronic pain
[15]. The authors applied pain (noxious thermal stimulus) in
healthy controls using ‘true’ rtfMRI neurofeedback as well as
(1) training, without rtfMRI information, (2) purely
behavioral training, (3) rtfMRI information derived from a
brain region not involved in affective pain processing and (4)
rtfMRI information of other subjects (false or sham
feedback). None of these healthy control groups without
the true rtfMRI neurofeedback was able to reduce the
perceived pain in response to the noxious thermal stimulus.

Conclusions

In conclusion, we could prove the principle that patients
with tinnitus successfully learned to reduce the auditory
activations by real-time functional magnetic resonance
imaging neurofeedback and that this improved tinnitus
symptoms in at least two out of six patients.
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