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Abstract: Noninvasive brain stimulation can modify phantom sounds for longer periods by modulat-
ing neural activity and putatively inducing regional neuroplastic changes. However, treatment
response is limited and there are no good demographic or clinical predictors for treatment outcome.
We used state-of-the-art voxel-based morphometry (VBM) to investigate whether transcranial magnetic
stimulation-induced neuroplasticity determines therapeutic outcome. Sixty subjects chronically experi-
encing phantom sounds (i.e., tinnitus) received repetitive transcranial magnetic stimulation (rTMS) of
left dorsolateral prefrontal and temporal cortex according to a protocol that has been shown to yield a
significantly higher number of treatment responders than sham stimulation and previous stimulation
protocols. Structural magnetic resonance imaging was performed before and after rTMS. In VBM
whole-brain analyses (P< 0.05, FWE corrected), we assessed longitudinal gray matter changes as well
as structural connectivity between the ensuing regions. We observed longitudinal mesoscopic gray
matter changes of left dorsolateral prefontal (DLPFC), left operculo-insular, and right inferior temporal
cortex (ITC) in responders (N 5 22) but not nonresponders (N 5 38), as indicated by a group 3 time
interaction and post-hoc tests. These results were neither influenced by age, sex, hearing loss nor by
tinnitus laterality, duration, and severity at baseline. Furthermore, we found robust DLPFC–insula and
insula–ITC connectivity in responders, while only relatively weak DLPFC–insula connectivity and no
insula–ITC connectivity could be demonstrated in nonresponders. Our results reinforce the implication
of nonauditory brain regions in phantom sounds and suggest the dependence of therapeutic response
on their neuroplastic capabilities. The latter in turn may depend on (differences in) their individual
structural connectivity. Hum Brain Mapp 39:554–562, 2018. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Tinnitus, the perception of sound in the absence of a
corresponding external acoustic stimulus is an excellent
paradigm to gain insight into the neural basis of phantom
sensations [De Ridder et al., 2011, 2014; Elgoyhen et al.,
2015]. While auditory hallucinations mainly occur in
psychotic disorders and typically involve hearing voices,
tinnitus as an auditory phantom phenomenon is usually of
an unformed acoustic nature and described as ringing,
hissing, or buzzing [Langguth et al., 2013]. Neural changes
underlying these nonpsychotic phantom perceptions
involve structure, function, and connectivity of not only
auditory but also nonauditory brain regions [Elgoyhen
et al., 2015]. Particularly frontostriatal gating may
contribute to tinnitus pathophysiology [Leaver et al., 2011;
Rauschecker et al., 2015].

According to its prevalence ranging from 10–15%, tinni-
tus can be considered a common disorder, which severely
impairs quality of life of about 1–2% of the general popu-
lation [Langguth et al., 2013]. No effective specific drug
treatments are available and other treatment options are
limited [Baguley et al., 2013]. Besides hearing aids in cases
of concomitant hearing loss, evidence is most robust for
sound therapy and cognitive behavioral therapy (CBT)
[Baguley et al., 2013; Langguth et al., 2013]. In addition,
the use of noninvasive brain stimulation techniques has
gained momentum. A recent meta-analysis on the effect of
repetitive transcranial magnetic stimulation (rTMS) on tin-
nitus in randomized, placebo-controlled trials indicated
medium to large effect sizes, although not all subjects
respond to this treatment [Soleimani et al., 2016]. These
results underscore the potential of rTMS in modulating
auditory phantom phenomena but leave open why some
subjects show treatment response and others do not.

Unfortunately, there exist no good demographic or clini-
cal predictors of treatment outcome [Lehner et al., 2012]. It
must therefore be assumed that success depends on neuro-
biological properties that are not reflected in available
demographic or clinical variables. Given known morpho-
logic and connectional abnormalities of the tinnitus brain,
it is to be expected that brain stimulation-induced changes
in tinnitus are linked to neuroplastic changes that affect
brain structure and connectivity. Evidence for such causal
relationship is however missing.

Here, we tested the hypothesis that rTMS-induced brain
plasticity determines therapeutic response in tinnitus. To
this end, we obtained high-resolution structural magnetic
resonance images of tinnitus patients before and after
rTMS following a protocol that has been shown to yield
significantly more treatment responders than sham-
stimulation and previous stimulation protocols [Langguth
et al., 2014]. In addition to auditory networks (i.e., the
temporal cortex), this procotol targets the dorsolateral pre-
frontal cortex (DLPFC) according to electrophysiological
evidence that tinnitus might occur as the result of a
dysfunction in the top–down inhibitory processes that
originate in the prefrontal lobe [Kleinjung et al., 2008;

Norena et al., 1999]. Using whole-brain voxel-based
morphometry (VBM), we assessed whether a reduction of
tinnitus distress after rTMS is explained by structural gray
matter changes and if treatment response can be predicted
by brain morphology before the intervention. In addition,
we investigated whether anticipated neuroplastic effects
and associated treatment response could be predicated on
differential structural connectivity.

METHODS

Subjects

We recruited 60 subjects with chronic subjective tinnitus
who were all TMS-na€ıve. All patients provided written
informed consent to participate in the study. The study
protocol was approved by the local ethics committee.
Patients were treated in the context of a clinical trial
[Langguth et al., 2014] or rTMS was done as compassion-
ate use treatment between years 2006 and 2010. Magnetic
resonance imaging (MRI) was performed immediately
before the first and after the last of all 10 rTMS sessions
that subjects underwent on 10 consecutive working days.
No subject received concomitant psychotropic medication.
Treatment response was defined according to accepted
standards on the basis of previously calculated minimal
clinically important difference (MCID) [Adamchic et al.,
2012]. More specifically, classification as “responder” pre-
supposed a reduction by at least 5 points on the Tinnitus
Questionnaire, a validated and commonly used instrument
for assessment of tinnitus severity [Adamchic et al., 2012;
Goebel and Hiller, 1994]. As expected, there were no base-
line differences in age, sex, hearing loss, tinnitus laterality,
tinnitus duration, or tinnitus severity between responders
and nonresponders (Table I).

Repetitive Transcranial Magnetic Stimulation

Initially, the resting motor threshold (RMT) was deter-
mined for the right M. abductor digiti minimi and defined
as the lowest intensity at which at least four of eight con-
secutive magnetically evoked potentials were �50 mV in
amplitude while the investigated muscle was at rest. In
each of the subsequent 10 sessions, patients received rTMS
of the left DLPFC (40 trains with 50 stimuli; 25 s intertrain
interval; 20 Hz; 110% RMT), immediately followed by low-
frequency rTMS (2000 Stimuli; 1 Hz; 110% RMT) of the left
temporal cortex. Coil positioning over the temporal cortex
was based on 10–20 EEG coordinates [Langguth et al.,
2006, 2014] and over the left DLPFC on a standard algo-
rithm by moving the coil 6 cm from the RMT hot spot of
the right M. abductor digiti minimi in anterior direction
[Langguth et al., 2014].

Structural Magnetic Resonance Imaging

Structural MRI scans were acquired on a 1.5 T scanner
(MAGNETOM Sonata, Siemens Medical Solutions, Erlangen,
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Germany) equipped with a standard 8-channel birdcage
head coil. T1-weighted images were obtained using a 3D
magnetization-prepared rapid acquisition with gradient
echo sequence (repetition time 1880 ms, echo time 3.42 ms,
flip angle 158, matrix size 256 3 256, 176 sagittal slices, voxel
size 1 3 1 3 1 mm3).

Image Preprocessing

All image preprocessing steps followed the default lon-
gitudinal preprocessing approach (cf. Supplement) imple-
mented in VBM8 (http://dbm.neuro.uni-jena.de/vbm/),
integrated as a toolbox into SPM8 software (Wellcome
Trust Centre for Neuroimaging, UK). Default preprocess-
ing involved intra-subject realignment, bias correction, seg-
mentation, and normalization. The resulting gray matter
images were smoothed with an isotropic Gaussian kernel
of 8 mm full-width at half-maximum.

Statistical Analyses

To investigate brain structural changes associated with
treatment response to rTMS, ensuing unmodulated gray
matter images were entered into a repeated measures
ANOVA with the between-subjects factor group (non-/
responders) and the within-subjects factor time (pre-/post-
rTMS) in SPM8. Whole-brain results were evaluated using
threshold free cluster enhancement (TFCE) inference at a
family-wise error (FWE) corrected threshold of P< 0.05
[Smith and Nichols 2009]. Such combination of unmodu-
lated images and TFCE has been proposed the optimal set-
ting for advanced VBM due to an ideal balance between
(high) sensitivity and (low) false-positive rates [Radua
et al., 2014].

To test if treatment response to rTMS is predicted by
brain morphology before the intervention, pre-rTMS images

were correlated with changes in tinnitus severity (i.e., differ-
ences in Tinnitus Questionnaire scores) in whole-brain anal-
yses. Also here, the TFCE approach was used for statistical
inference at P< 0.05, FWE corrected.

In addition, we performed structural connectivity analy-
ses of (longitudinal) morphologic changes associated with
response to rTMS (i.e., of regions under the interaction
term of the ANOVA) to investigate (i) whether spatially
distributed neuroplastic effects occur in (structurally) con-
nected regions and (ii) whether treatment response could
hence be predicated on differential structural connectivity.
To this end, pre-rTMS images were subtracted from post-
rTMS images for each participant, respectively. From the
ensuing difference images, we then extracted gray matter
eigenvariates of the candidate regions. Correlations of
these gray matter data were analyzed using SPSS Statistics
software (Version 22.0.0.0, IBM Corp., 2013, USA). Correla-
tions of local gray matter are considered indicative of
axonal connectivity between covarying regions because
connectivity should exert mutually trophic effects on con-
nected neurons and regions [Bullmore and Bassett, 2011].
This approach has been applied in the context of both neu-
roplasticity of the healthy brain and disease-related altera-
tions of brain networks [Gerber et al., 2014; Labus et al.,
2014; R€usch et al., 2007].

Anatomical Labeling

For anatomical labeling, we capitalized on cytoarchitec-
tonic maps of the human brain provided by the SPM
Anatomy Toolbox [Eickhoff et al., 2005, 2007, 2006b] Clus-
ters were thus assigned to the most probable histologically
defined area at the respective location. This probabilistic
histology-based labeling is reported in the imaging results
table.

RESULTS

We found a significant group (non-/responders) 3 time
(pre-/post rTMS) interaction indicating specific neuroplas-
tic changes associated with response to rTMS in a cluster
comprising the left DLPFC and ventrolateral prefrontal
cortex (VLPFC; ipsilateral stimulation site), in the left
operculo-insular cortex including the claustrum, and in the
right inferior temporal cortex (ITC) (Fig. 1, Table II). Post-
hoc tests revealed that the interaction was driven by a
gray matter decrease of all regions after rTMS (compared
with pre-rTMS gray matter) in responders (but not nonres-
ponders) (Fig. 2). More specifically, within-group analyses
showed a robust gray matter decrease after rTMS in the
responder group (P< 0.05, FWE corrected) but no gray
matter changes (in either direction) in the nonresponder
group in the corresponding regions (even) at an uncor-
rected threshold of P< 0.001.

There was no significant association of changes in tinni-
tus severity with gray matter before rTMS, precluding the

TABLE I. Patients’ characteristics

Nonresponders Responders P value

Subjects [N] 38 22 N/A
Age [years] 52.2 6 9.2 52.1 6 12.4 0.955
Sex [male/female] 33/5 15/7 0.082
Hearing loss [dB]a 20.0 6 12.3 19.4 6 11.3 0.865
Tinnitus laterality [L/R/B]b 15/12/11 13/5/3 0.230
Tinnitus duration [months]c 74.2 6 79.4 98.4 6 117.0 0.362
Tinnitus severity [TQ] 47.6 6 20.1 44.4 6 16.0 0.527

aData available for 35/20 non-/responders.
bData available for 38/21 non-/responders.
cData available for 36/20 non-/responders.
Values are reported as mean 6 standard deviation. P values were
determined by a two-sample t test for age, hearing loss, tinnitus
duration, and tinnitus severity, and a v2 test of independence for
sex and tinnitus laterality.
B, bilateral; L, left; N/A, not applicable; R, right; TQ, Tinnitus
Questionnaire [Goebel and Hiller, 1994].
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prediction of therapeutic response on the basis of brain
morphology before treatment. This was true for correla-
tional analyses across all subjects and also within the
groups of non-/responders.

We found significant structural connectivity with
medium effect size for rTMS induced changes between left
DLPFC/VLPFC and operculo-insular/claustral gray matter
(Pearson’s r 5 0.482, P 5 0.023, two-sided) and between left

operculo-insular/claustral gray matter and right ITC
(r 5 0.458, P 5 0.032) in responders. In contrast, there was
significant connectivity between DLPFC/VLPFC and oper-
cular-insular/claustral gray matter (r 5 0.373, P 5 0.021)
but not between the latter and the right ITC (r 5 0.131,
P 5 0.434) in non-responders. Structural connectivity
between left DLPFC/VLPFC and right ITC was not signifi-
cant, neither in responders (r 5 0.168, P 5 0.456) nor in

Figure 1.

Group (non-/responders) 3 time (pre-/post rTMS) interaction.

Significant specific neuroplastic changes associated with response

to rTMS in a cluster comprising the left dorsolateral/ventrolateral

prefrontal cortex, in the left operculo-insular cortex including the

claustrum, and in the right inferior temporal cortex (P < 0.05,

FWE corrected). The color bar indicates TFCE values.

FWE, familywise error; L, left; R, right; TFCE, threshold-free clus-

ter enhancement. [Color figure can be viewed at wileyonlineli-

brary.com]

TABLE II. Brain stimulation-induced neuroplastic changes associated with therapeutic response in phantom sounds

Brain region
Cluster size

MNI coordinates

Macroanatomic Cytoarchitectonic in voxels x y z P value

L DLPFC/VLPFC 3610 234 27 25 0.007
L Operculo-insular cortex/Claustrum Areae OP2/3, TE 1.1 1149 230 240 6 0.029
R Inferior temporal cortex FG1 498 46 260 215 0.036

Significant group (non-/responders) 3 time (pre-/post-stimulation) interactions in whole-brain voxel-based morphometric (VBM) analy-
ses (P< 0.05, FWE corrected). Post-hoc tests revealed that the interaction was driven by a longitudinal gray matter (GM) decrease in all
three regions specifically in responders. Coordinates represent peaks within a cluster. For detailed information on cytoarchitectonics,
see publications by Caspers (FG1), Eickhoff (OP2/3), Lorenz (FG1), Morosan (TE 1.1), and colleagues [Caspers et al., 2013; Eickhoff
et al., 2006a, 2006c; Lorenz et al., 2017; Morosan et al., 2001].
DLPFC, dorsolateral prefrontal cortex; FWE, familywise error; L, left; MNI, Montreal Neurological Institute; R, right; TFCE, threshold-free
cluster enhancement; VLPFC, ventrolateral prefrontal cortex.
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nonresponders (r 5 20.084, P 5 0.615). Connectivity results
are illustrated in Figure 3.

As there was a nonsignificant trend (P< 0.1) toward an
imbalance in sex ratios between responders and nonres-
ponders, we repeated the aforementioned interaction,
correlational, and connectivity analyses using sex as a
covariate. Considering sex in the statistical models did not
change the results (i.e., the same (and no additional) clus-
ters emerged at the stated significance level). To exclude
that the normalization approach (nonmodulation) affected
the results, we assessed the potential effect of modulation
on our data. As the deformations due to nonlinear normal-
ization are the same for all time points, the modulation
only depends on the affine component that is driven by
different brain sizes. We therefore reanalyzed our data
including total intracranial volume (TIV) as a covariate to
account for this potential effect. Also this additional analy-
sis yielded similar results, albeit accompanied by a general
slight increase in cluster sizes and extension of the left lat-
eral prefrontal cluster into the medial prefrontal cortex.
More precisely, the prefrontal cluster now also included
the dorsomedial prefrontal and anterior cingulate cortex.

DISCUSSION

We provide first evidence of brain stimulation-induced
neuroplastic changes in cortical morphology underlying
the reduction of phantom sounds. Notably, brain morphol-
ogy before rTMS did not predict therapeutic success. It is
therefore to be assumed that idiosyncratic neuroplastic
properties of gray matter determine outcome. These do
neither depend on age, sex, or hearing loss, nor on tinnitus
laterality, duration, or severity, because responders did
not differ from nonresponders in these variables. How-
ever, it seems possible that these characteristics are associ-
ated with the mechanism of tinnitus, which may differ

Figure 2.

Relationship between gray matter (GM) changes and tinnitus

improvement in responders and nonresponders. Responders to

repetitive transcranial magnetic stimulation (rTMS) showed GM

decrease in the specified regions, while nonresponders did not.

Tinnitus improvement is expressed by a Tinnitus Questionnaire

(TQ) score reduction. Abscissae represent changes in GM values

(after minus before rTMS), ordinates depict changes in TQ

values (after minus before rTMS). The supplementary figure

depicts a plot of changes in TQ scores for all subjects. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 3.

Structural connectivity between gray matter regions associated

with treatment response. Correlational analyses demonstrated

structural connectivity between left lateral prefrontal cortex

(LPFC) and operculo-insular/claustral region (r 5 0.482,

P 5 0.023) and between the latter and right inferior temporal cor-

tex (ITC; r 5 0.458, P 5 0.032) in responders (green).

Nonresponders (yellow) showed structural connectivity also

between LPFC and operculo-insular/claustral region (r 5 0.373,

P 5 0.021) but not between the latter and right ITC (r 5 0.131,

P 5 0.434). [Color figure can be viewed at wileyonlinelibrary.com]
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between responders and nonresponders. In general, vari-
ous factors have been implicated in the neurobiological
basis of mesoscopically traceable gray matter changes, for
example, changes in cell body sizes, synaptic proliferation,
changes in spine density, neural and glial cell genesis, but
also changes in blood flow or interstitial fluid. More spe-
cifically, however, a study on dynamic aspects of brain
stimulation-induced neuroplasticity in the healthy brain
suggests that rTMS affects fast adjusting neuronal systems,
such as spine and synapse turnover [May et al., 2007]. It
may therefore be concluded that response to rTMS in sub-
jects suffering from phantom sounds is associated with
particular neuroplastic capabilities of dendrites and/or
synapses. This view would also be supported by recently
reported prediction of shifts in dendritic spine density and
morphology with auditory conditioning by VBM signal
[Keifer et al., 2015]. The detailed nature of the (probably)
microscopic characteristics underlying rTMS response
however remains unclear but is an important matter that
needs to be addressed in further studies. More specifically,
these studies could address whether and which mecha-
nisms on the cellular level determine the neural potential
for reorganization induced by rTMS. More detailed infor-
mation on these rTMS-related “neuroplastic capabilities”
may allow for predicting individual response to rTMS in
tinnitus in the future.

We observed gray matter changes in three distinct clus-
ters. It is reasonable, yet remarkable that one cluster was
located in the left DLPFC, that is, precisely under the stim-
ulation site, even if its larger part comprised the VLPFC.
This suggests a direct neuroplastic effect of the magnetic
pulses on subjacent brain tissue. The DLPFC is an inherent
part of current models of tinnitus generation, which rely
on structural and functional imaging in humans [De
Ridder et al., 2011; Elgoyhen et al., 2015]. According to
electroencephalographic studies, (abnormal) activity of
particularly the left DLPFC modulates tinnitus-related
distress and could represent the neural correlate of a mal-
adaptive coping style [Song et al., 2015; Vanneste et al.,
2014]. Flawed coping strategies in turn may be based on a
specific deficit of top–down executive control of attention
in tinnitus patients [Heeren et al., 2014]. These correlative
imaging and electrophysiological findings are supported
by brain stimulation trials demonstrating that (putatively)
increasing the excitability of the left DLPFC by high-
frequency rTMS can reduce tinnitus annoyance and hence
pointing to a causative functional role of this region in tin-
nitus modulation if not generation [Faber et al., 2012;
Langguth et al., 2014]. Following our high-frequency rTMS
of the left DLPFC, we observed gray matter changes also
in the adjacent VLPFC. Importantly, it has been shown
that high-frequency but not low-frequency or sham rTMS
of the left VLPFC can modulate tinnitus loudness, indicat-
ing its etiologic involvement in tinnitus [Vanneste and De
Ridder 2012]. Although we did not directly target the left
VLPFC, the conjunction of these imaging and brain

stimulation findings suggests that high-frequency stimula-
tion of left DLPFC induces cortical remodeling also of the
adjacent VLPFC resulting in a reduction of phantom
sounds.

Our analyses identified another two clusters in remote
areas that could not have been directly affected by the
magnetic pulses over the left DLPFC. One cluster was
located ipsilateral to the stimulation site and comprised
the operculo-insular cortex and claustrum, the other the
contralateral ITC. Structural connectivity between these
regions, as here evidenced by the correlation of their gray
matter changes, supports the notion that tinnitus is an
auditory phantom sensation involving network dysfunc-
tion [Leaver et al., 2016; Schlee et al., 2008]. Despite the
broad clinical use, evidence for an effect of rTMS on gray
matter morphology is limited to three studies in 36 healthy
volunteers, 77 subjects with tinnitus, and 27 patients suf-
fering from major depression (as well as one negative
study in 22 depressed patients) [Lan et al., 2016; Lehner
et al., 2014; May et al., 2007; Nahas et al., 2000]. The posi-
tive study on brain morphological changes induced by
rTMS to the left DLPFC of 27 depressive patients reported
effects that did not coincide with our findings [Lan et al.,
2016]. This discrepancy suggests that rTMS induces
disease-specific effects on brain plasticity. The study in tin-
nitus subjects (which used a different rTMS protocol than
the present investigation) observed structural brain changes
but was not able to relate them to treatment outcome, i.e.,
tinnitus reduction [Lehner et al., 2014]. The reason for this
lack of a relationship may be the specific rTMS protocol that
achieves only negligible clinical effects [Landgrebe et al., in
press]. Our results go beyond these findings by demonstrat-
ing fast morphologic adaptions that occurred specifically in
responders and should hence represent the neurobiological
basis of symptom improvement. That we found robust
DLPFC–insula and insula–ITC connectivity in responders,
but only relatively weak DLPFC–insula and no insula–ITC
connectivity in nonresponders, moreover suggests that the
neuroplastic capabilities associated with rTMS response may
depend on individual structural connectivity.

The larger of the two remote cluster comprised
cytoarchitechtonic areas 2 and 3 of the parietal operculum,
insular cortex, and claustrum in the left hemisphere. Oper-
cular area 2 is the human equivalent of nonhuman pri-
mates’ parieto-insular vestibular cortex and thus closely
connected to the auditory system [Eickhoff et al., 2006d].
Even more specifically, distinct activation of opercular
area 3 has recently been demonstrated during provoked
tinnitus-related phantom auditory perceptions [Job et al.,
2016]. Both areas of the secondary somatosensory cortex
should hence be involved in processing of not only exter-
nal but also of phantom auditory sensations. The insular
cortex is certainly not characterized by functional specific-
ity to the auditory modality but rather by a posterior-to-
mid-to-anterior pattern of integration of interoceptive
information [Craig 2009]. Moreover, it is considered an
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integral part of the brain’s “pain matrix” and may thus
represent the topofunctional link between tinnitus and
pain as phantom percepts that have both been conceptual-
ized as persisting aversive memory networks [Craig 2002;
De Ridder et al., 2011]. The notion of this insular link is
supported by structural and functional abnormalities of
the insula in tinnitus patients and its aberrant activity in
phantom limb pain, which notably also includes opercular
area 3 [Elgoyhen et al., 2015; Makin et al., 2013]. The
insula has furthermore been proposed to play a funda-
mental role in awareness [Craig 2009]. Although the area
where we found improvement-related gray matter changes
is located relatively caudally in the insular cortex, one
could speculate that it pertains to the network involved in
the transition of interoceptive representations of phantom
sounds into conscious awareness. However, the third area
of the respective cluster is more likely to play a role in this
context. The claustrum, a thin and sheet-like neuronal
structure, has been associated with cross-modal processing
due to its broad range of communication pathways within
the brain [Calvert 2001]. Moreover, Crick and Koch con-
clude in their exhaustive review “that the claustrum may
contain specialized mechanisms that permit information to
travel widely within its anterior-posterior and ventral-
dorsal extent to synchronize different perceptual, cogni-
tive, and motor modalities” [Crick and Koch 2005]. Thus,
the authors regard the claustrum as a “conductor coordi-
nating a group of players in the orchestra” (i.e., various
brain areas) and adumbrate its significant contribution to
consciousness [Crick and Koch 2005; Stevens 2005]. In the
context of auditory phantom percepts and related aberrant
activity [Song et al., 2012], the claustrum may accordingly
be the conductor of the tinnitus orchestra, which is
composed of perceptual, emotional, cognitive, and mnestic
sections represented by multiple, parallel, dynamically
changing, and partially overlapping neural subnetworks
[De Ridder et al., 2014]. The claustrum also connects to the
posterior temporal cortex, that is, the second remote clus-
ter where we found gray matter changes, and may thereby
link the opercula with this region [Fern�andez-Miranda et al.,
2008]. Tinnitus-related activation of the ITC has been dem-
onstrated by meta-analysis and may specifically mediate tin-
nitus distress [Song et al., 2012; Schecklmann et al., 2013a].
The latter seems particularly reasonable with respect to the
notion of tinnitus as a persisting aversive memory because
the posterior ITC interacts with the hippocampus in mem-
ory consolidation during acute stress [Henckens et al., 2009].
It may be objected that the ITC has been canonically impli-
cated in visual processing, yet recent results strongly sug-
gest that ITC neurons are also responsive to sole auditory
stimuli [Kaposv�ari et al., 2011]. In summary, we also
observed gray matter changes in areas that are important
for interoceptive and multimodal integration of auditory
percepts, putatively into consciousness.

One critical point, the direction of the gray matter
changes, has not yet been addressed. It might seem

puzzling that we found gray matter decreases in all regions,
particularly because neuroplasticity appears to (probably
misleadingly) implicate growth and proliferation. How-
ever, a recent study in mood disorders showed that elec-
troconvulsive therapy-induced brain plasticity involves
gray matter decreases in spatially distributed regions and
that also these decreases seem to be specific to the respec-
tive disease as well as responsible for the therapeutic effect
[Dukart et al., 2014]. In tinnitus patients, the overall evi-
dence for structural abnormalities specifically related to
tinnitus is poor, maybe because results are quite often con-
founded by concomitant hearing loss and based on rela-
tively small sample and effect sizes [Adjamian et al., 2014;
Schecklmann et al., 2013b]. Our findings in contrast should
not be biased by hearing loss, since there were no differ-
ences between responders and non-responders in this
regard, although we cannot exclude an inhomogeneity
regarding frequencies between octave bands or the high-
frequency range (>8 kHz). However, at least an influence
of the latter seems unlikely because hearing at supraclini-
cal frequencies is correlated with gray matter in other
regions than the ones observed in our study [Melcher
et al., 2013]. We hence propose that the observed
improvement-related gray matter decrease does not repre-
sent gray matter loss (with a negative connotation) but
rather a structural adaption involving morphologic remod-
eling that needs to be investigated in more detail at a
microscopic level. We would go even further and put up
for discussion if previously (yet inconsistently) reported
gray matter alterations in tinnitus patients could mirror a
(yet sometimes insufficient) adaption by cortical remodel-
ing rather than pathology per se [Husain et al., 2011]. Such
notion would be in line with recent findings that phantom
pain is associated with preserved structure and function in
the former limb area [Makin et al., 2013].

In summary, we observed rTMS-induced neuroplastic
changes underlying therapeutic response in brain areas
previously implicated in attentional modulation and inter-
oceptive integration of auditory phantom percepts. Our
results reinforce the implication of nonauditory brain
regions in phantom sounds and suggest the dependence
of therapeutic response on their neuroplastic capabilities.
The latter in turn may depend on (differences in) their
individual structural connectivity.
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