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Abstract

Introduction: Repetitive transcranial magnetic stimulation (rTMS) has been used as a potential
treatment for tinnitus; however, its effectiveness is variable and unpredictable. We hypoth-
esized that resting-state functional connectivity before rTMS may be correlated with rTMS
treatment effectiveness.

Methods: We applied 1-Hz rTMS to the left primary auditory (A1) and dorsolateral prefrontal
cortices (DLPFC) of 10 individuals with tinnitus and 10 age-matched controls. Resting-state
functional magnetic resonance imaging (fMRI) studies were performed approximately one week
before rTMS. Seed-based connectivity analyses were conducted for each individual, with seed
regions as rTMS target areas.

Results: Compared to controls, the left superior temporal areas showed significantly increased
positive connectivity with the left A1 and negative connectivity with the left DLPFC in the
tinnitus group. The left frontoparietal and right cerebellar areas showed significantly increased
negative connectivity with the left A1 and positive connectivity with the left DLPFC. Seed-based
hyperconnectivity was correlated with tinnitus improvement (pre-rTMS vs. 2-week post-rTMS
Tinnitus Handicap Inventory scores). Tinnitus improvement was significantly correlated with
left A1 hyperconnectivity; however, no correlation was observed with left DLPFC connectivity.
Positive rTMS outcomes were associated with significantly increased positive connectivity in
bilateral superior temporal areas and significantly increased negative connectivity in bilateral
frontal areas.

Abbreviations: rTMS, repetitive transcranial magnetic stimulation; A1, primary auditory cortex; DLPFC, dorsolateral prefrontal cortex;
fMRI, functional magnetic resonance imaging; THI, tinnitus handicap inventory; FOV, field-of-view; RMT, resting motor threshold; GLM,
general linear model; SPM, Statistical Parametric Mapping; AAL, Automated Anatomical Labeling; BOLD, blood oxygen level-dependent.
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Conclusions: Our results suggest that oversynchronisation of left A1 connectivity before rTMS
of the left A1 and DLPFC is associated with treatment effectiveness.

© 2021 Sociedad Espanola de Neurologia. Published by Elsevier Espafa, S.L.U. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Correlacion entre hiperconectividad de la corteza auditiva antes del tratamiento con
estimulacion magnética transcraneal repetitiva y mejoria de los acufenos

Introduccion: La estimulacion magnética transcraneal repetitiva (EMTr) se ha utilizado como
posible tratamiento para los actfenos, aunque su efectividad es variable e impredecible.
Planteamos la hipotesis de que existe una correlacion entre la conectividad funcional en estado
de reposo antes de aplicar EMTr y la efectividad de dicho tratamiento.

Métodos: Aplicamos EMTr a 1 Hz sobre la corteza auditiva primaria (A1) y la corteza prefrontal
dorsolateral (CPFDL) izquierdas de 10 pacientes con acufenos y 10 controles del mismo rango de
edad. Se realizaron estudios de resonancia magnética funcional (RMF) en estado de reposo de
todos los pacientes aproximadamente una semana antes de la EMTr. En cada caso, se construyo
un mapa de conectividad basado en las ROIs, en el que las ROIs eran las areas que se tratarian

Resultados: La region temporal superior izquierda mostré una conectividad positiva significati-
vamente mayor con el area A1 izquierda y mayor conectividad negativa con la CPFDL izquierda
en los pacientes con acufenos que en los controles. Ademas, las areas frontoparietal izquierda
y cerebelar derecha mostraron una conectividad negativa significativamente superior con el
area A1 izquierda y mayor conectividad positiva con la CPFDL izquierda. La hiperconectivi-
dad de las ROIs se correlaciond con mejoria de los acUfenos segln las puntuaciones pre-EMTr
y 2 semanas post-EMTr en la escala Tinnitus Handicap Inventory. La mejoria de los acufenos
se correlacioné de manera significativa con la hiperconectividad del area A1 izquierda; sin
embargo, no se encontré correlacion con la conectividad de la CPFDL izquierda. El resultado
favorable del tratamiento con EMTr se asocia con una mayor conectividad positiva en areas tem-
porales superiores de ambos hemisferios y con mayor conectividad negativa en areas frontales

Conclusiones: Nuestros resultados sugieren una correlacion entre la hipersincronizacion de la
conectividad del area A1 izquierda antes de la aplicacion de EMTr en la A1 y CPFDL izquierdas

© 2021 Sociedad Espaiiola de Neurologia. Publicado por Elsevier Espana, S.L.U. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-
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Introduction

biomarker predicting therapeutic treatment outcomes in
patients with major depression.® In the previous studies,
individuals with tinnitus showed greater functional connec-

Tinnitus is an auditory phantom perception, caused by
enhanced neural activity due to the imbalances in the exci-
tatory and inhibitory inputs to central auditory neurons.’
In this regard, repetitive transcranial magnetic stimulation
(rTMS), which is a non-invasive brain stimulation technique,
can be used as a potential treatment for tinnitus.?? Specif-
ically, low frequency rTMS suppresses cortical excitability
similar to long-term depression.>* However, the effect of
rTMS in individuals is varied and cannot be predicted before
treatment.

Individual differences in various domains, such as cog-
nitive function, emotion, and even abnormal neurological
or psychiatric characteristics, can be accounted for by indi-
vidual resting-state functional connectivity.” Resting-state
functional connectivity has been suggested as a potential

tivity between limbic and cortical regions as well as auditory
and attentional processing regions compared to healthy
controls.” Hyperactivity of resting-state functional connec-
tivity has been also revealed in tinnitus group especially in
the auditory network.® However, the question remains as to
whether the pre-rTMS functional connectivity can predict
rTMS effectiveness.

Based on previous studies, we hypothesized that individ-
uals with tinnitus have significantly different resting-state
functional connectivity compared to that of healthy con-
trols. In particularly, pre-rTMS regional connections could
be related to rTMS outcomes, which may facilitate appro-
priate treatment strategies for patients. Individuals with
tinnitus who have over-synchronized functional connections
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before rTMS would be the best candidates for the treat-
ment, because their greater functional connectivity would
be suppressed by rTMS.

To examine the hypotheses, we applied rTMS to individ-
uals with tinnitus and acquired resting-state fMRI data a
week before rTMS. Sequential rTMS of the left A1 followed
by the dorsolateral prefrontal cortex (DLPFC) was applied in
this study. To inhibit auditory cortex hyperactivity, rTMS was
generally delivered to the temporal or temporo-parietal cor-
tical areas.’ Frontal cortex stimulation has been shown to
enhance rTMS outcomes.'®"" In particular, the DLPFC inte-
grates sensory information'? and is involved in the top-down
control network, which is often reported as having deficits
in tinnitus group.' Seed-based functional connectivity was
examined with seed regions as rTMS target areas (i.e., the
left A1 and DLPFC).

Material and methods
Participants

Ten individuals with tinnitus (5 men; mean age, 49.7 +12.2
years) participated in this study. These individuals experi-
enced chronic subjective tinnitus for more than six months
and had hearing thresholds <55dB in three frequencies
(500-Hz and 1- and 2-kHz) and <90dB in the 4- and 8-kHz
frequencies. We excluded patients with cardiac pacemak-
ers or other electronic implants, such as a cochlear implant.
Moreover, patients with objective tinnitus or tinnitus with
a treatable cause as well as those with a personal his-
tory of a central nervous system disorder, head injury,
stroke, otologic disease, serious heart disease, or another
unstable major medical condition were excluded from the
study. Patient tinnitus handicap inventory (THI) scores were
obtained before and two weeks after rTMS. Table 1 lists
detailed patient information, including their tinnitus char-
acteristics (i.e., duration, spatial lateralization, loudness,
and pitch).

Ten age-matched normal controls (4 men; mean age,
50.3 £+ 12.8 years) were also included in the study. The con-
trols did not suffer from hearing-related diseases and had
no history of neurological or psychiatric disorders. They had
no issues with hearing or communicating with others.

All participants gave informed consent as required by the
Hospital. The present study was approved by the local insti-
tutional review board (1212-081-451) and was conducted
according to the tenets of the Declaration of Helsinki. This
study was previously registered at Clinical Trials on May 28,
2013 (NCT01886092). All study procedures were performed
in accordance with the approved guidelines.

Image acquisition

Approximately one week before rTMS, structural and
resting-state fMRI data from the patients were obtained
using a 3T scanner (Magnetom Triotim; Siemens, Erlangen,
Germany) with eyes-closed condition. The participants were
asked to stay awake and rest without thinking anything.
Structural T1 images were acquired with a 3D Turbo-FLASH
sequence, and 208 — acquired sagittal slices covered the

whole brain with a matrix size of 256 x 256 mm? and voxel
size of 1 mm?3. The TR was 1670 ms, TE was 1.9 ms, and field-
of-view (FOV) was 250 mm. For the fMRI data, the number
of total volumes was 116. With interleaved acquisition, 35
slices covered the whole brain with a matrix size of 128 x 128
mm? and voxel size of 1.88 x 1.88 x 4.20mm?. The TR was
3500 ms, TE was 30ms, and flip angle was 90°. The FOV was
240 mm.

The structural and fMRI data of the controls were
obtained using a Siemens Biograph mMR 3T scanner
(Siemens Healthcare Sector, Erlangen, Germany). Structural
T1 images were acquired with a spoiled grass gradient-
recalled 3D MRI sequence, and 208 — acquired sagittal slices
covered the whole brain with a matrix size of 256 x 256 mm?
and voxel size of 0.98 x 0.98 x 1 mm3. The TR was 1670 ms,
TE was 1.89 ms, and FOV was 250 mm. For the fMRI data, the
number of total volumes was 116, and 35 slices covered the
whole brain with interleaved acquisition. The matrix size,
TR, TE and flip angle were the same as those of the patients
with tinnitus. The voxel size was 1.88 x 1.88 x 3.5mm? and
FOV was 240 mm.

Procedure for rTMS

During four consecutive days, 1-Hz rTMS (MagPro; Medtronic,
Minneapolis, MN) was delivered with a figure-of-eight coil
(MCF-B65, 90-mm outer diameter; Medtronic) to the left A1
and DLPFC with 2000 and 1000 pulses, respectively.'" The
coil was navigated to the A1 by a neuronavigation system
(Cybermed; In2vision, Seoul, Korea). NeuroTMS software
(Cybermed) was used to co-register the head probe and
structural MRI data of each patient. The structural MRI and
stereotaxy-based neuronavigation system allowed the TMS
coil to navigate to the surface of the skull overlaying the
MRI-based A1. Previously, we located Heschl’s gyrus by first
finding the transverse temporal gyrus.' The left DLPFC was
based on the 10—20 EEG-coordinated F3 position."

The stimulation intensity was set to 110% of the resting
motor threshold (RMT). The RMT was defined as the low-
est intensity producing motor evoked potentials >50 uV in
amplitude on at least four out of eight consecutive stimula-
tions while the investigated muscle was at rest using the
right pollicis brevis.'® The train duration and stimulation
off-time were 40 and 20s, respectively.

Image preprocessing

The fMRI data were preprocessed using the FSL (v. 5.0.7,
https://fsl.fmrib.ox.ac.uk/)."”” The first 4 volumes were dis-
carded to eliminate T1 relaxation effects. The remaining
data were corrected for slice timing for interleaved image
acquisition, and the head motion, using the first volume
as the reference and six degrees-of-freedom rigid body
registration.'® The non-brain voxels of the structural images
were removed, and affine co-registration was done using the
functional MR images and the skull-stripped brain images.
The co-registered functional MR images were normalized
to the standard template using linear and nonlinear trans-
formations, and spatially smoothed with full width at half
maximum 6 mm. After that within-run intensity normaliza-
tion was done to a whole brain median value of 1000. The
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Table 1 Demographic and clinical characteristics of individuals with tinnitus.

Subject Duration (month) Side Pitch (kHz) (L/R) Loudness (HL) (L/R) THI (pre) THI (after) ATHI (imp)
TO1 120 L 8 68 58 34 —24
T02 9 L 4 40 40 8 -32
TO3 36 B 8/8 30/30 49 36 -13
T04 60 L 4 40 28 20 -8
T05 18 B 2/2 8/10 45 40 -5
T06 7 R 4 60 67 56 —11
T07 240 B 2/8 30/76 55 32 -23
TO8 120 B 4/4 70/65 32 10 -22
T09 24 L 0.25 40 88 72 —16
T10 12 B 6/6 65/65 47 32 —15

T, tinnitus patient; L, left; R, right; B, bilateral; HL, hearing level; THI, tinnitus handicap inventory; pre, pre-treatment; after, after-

treatment; imp, improvement; ATHI, THI score 2 weeks after treatment — THI scores before treatment.

whole brain median value was estimated using the images
masked by the gray matter tissue prior map thresholded at
probability >0.1, and whole brain tissue prior map provided
in SPM12 thresholded at probability >0.3. Wavelet despik-
ing was done to denoise the spatial and temporal motion
artifacts.' The average values of cerebrospinal fluid, white
matter, and the six motion parameters were regressed out
using the general linear model (GLM). A bandpass filter was
set t0 0.01<f<0.1Hz.

Image analyses

Image analyses were conducted with Statistical Parametric
Mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm/) and
MATLAB (v. 7.12.0). For group comparisons of seed-based
functional connectivity, the seed regions were defined as
the left A1 and superior frontal cortex (i.e., the DLPFC)
from the Automated Anatomical Labeling (AAL) template
(http://www.cyceron.fr/web/aal__anatomical_automatic_
labeling.html). These regions were the rTMS target areas.
The correlation between the averaged blood oxygen level-
dependent (BOLD) signal of the voxels of the left A1 or
DLPFC and the whole brain were examined using a GLM.
Contrast t-maps were converted to z-maps, and the z-maps
were divided into positive and negative maps to test for
group differences in seed-based connectivity, with age as a
nuisance variable.

To identify connectivity associated with tinnitus improve-
ment, the associations between tinnitus improvement and
the functional connectivity of the left A1 or DLPFC were
examined. Because of the small number of samples, the
Wilcoxon signed-rank test was used to compare the THI
scores before and two weeks after rTMS. The ATHI (i.e.,
two weeks post-rTMS THI score — pre-rTMS THI score) was
calculated to estimate THI improvement. The beta maps of
the GLM obtained by individual analyses indicated the esti-
mated parameters corresponding to the variable of interests
(i.e., the averaged BOLD signal of the seed regions). These
maps were used as input data, and the ATHI was used as
covariate, with age, tinnitus duration, laterality, and pre-
rTMS THI score treated as nuisance variables. The averaged
z-map of the individual seed-based functional connectivity
thresholded at an absolute value of 1.96 was used as an
explicit mask for this analysis. It helped to consider only the

voxels which have statistically significant correlation with
the seed region. The statistical significance was also set at
uncorrected p<.001 with a false discovery rate of p<.05
using cluster-based multiple correction.

There may be potential confounding effect because data
for tinnitus and control groups were collected in separate
scanners. In order to make sure that there is no differ-
ence in image quality between the scanners, signal-to-noise
ratio was estimated.?%?' The averaged signal intensity of the
whole brain gray matter was divided by the standard devi-
ation of signal intensity of the region of interest placed in
the background air. The brain signal intensity was extracted
from the smoothed fMRI data, and the region of interest
placed in the background air was defined as a sphere with
8 mm radius. Also, we estimated signal-to-noise ratio using
the averaged signal intensity of the left A1. Statistical dif-
ference of signal-to-noise ratio between the scanners was
tested by the Wilcoxon signed-rank test.

Results
Group comparisons of seed-based connectivity

The left A1 and DLPFC connectivity maps of the tinnitus
(Fig. 1A and Fig. 2A) and control (Fig. 1B and 2B) groups
were compared using a two-sample t-test. The statistical
significance was set at a false discovery rate of p <.05 using
cluster-based inference. Both maps showed significantly
increased positive and negative connectivity in the tinnitus
group compared with the control group. There was no sig-
nificantly increased positive or negative connectivity in the
healthy controls compared with the individuals with tinni-
tus. Significantly increased left A1 positive connectivity was
observed with the left middle temporal (BA21), cingulate,
and postcentral areas (Fig. 3A and Table 2). Significantly
increased negative left A1 connectivity was observed with
the left superior, middle, and medial frontal and angular
(BA39) areas as well as right cerebellar areas (Fig. 3B and
Table 2).

We observed significantly increased left DLPFC posi-
tive connectivity with the bilateral posterior cingulate
cortex, parahippocampal areas, bilateral midbrain, right
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Averaged left A1-based functional connectivity maps of the (A) tinnitus and (B) control groups. The first row represents

the positive correlation between the left A1 and whole brain, whereas the second row represents the negative correlation between
the left A1 and whole brain. The hot colormap represents the brain areas that positively correlate with the left A1, whereas
the winter colormap represents the brain areas that negatively correlate with the left A1. For visualization, the left A1-based
connectivity maps of all patients or all controls are averaged and thresholded by the z value of |1|. The green area indicates the
seed region. The connectivity between the left A1 and bilateral superior, middle, and medial frontal areas, middle and inferior
temporal areas, inferior parietal areas, and subcortical areas as well as the right inferior parietal lobule is significantly negative in
the tinnitus group (winter colormap in A) and not in the control group (gray color in B). The connectivity between the left A1 and
bilateral somatosensory areas (winter colormap in A and B, z=25 and 31) is positive in both groups, but stronger in patients with

tinnitus.

cerebellum, bilateral angular areas extending to the pre-
cuneus, middle temporal area, inferior parietal lobule,
bilateral inferior temporal areas, and left frontal and ante-
rior cingulate areas (Fig. 4A and see Supplementary Material
table* S1). Significantly increased left DLPFC negative
connectivity was observed with the bilateral cerebral hemi-
spheres, including the temporo-occipital, parietal (e.g., the
precuneus and postcentral and inferior parietal lobules),
cingulate, and cerebellar (e.g., the declive and culmen)
areas (Fig. 4B and see Supplementary Material table* S1).

Association between tinnitus improvement and
seed-based connectivity

All but one individual with tinnitus exhibited significant
tinnitus improvement (i.e., a score change > 7 points). Sta-
tistically, tinnitus improved two weeks after rTMS (p=.002,
Wilcoxon signed-rank test). Tinnitus improvement was sig-
nificantly correlated with the functional connectivity of the
left A1; however, it was not correlated with that of the
left DLPFC. The statistical significance was set at a false

discovery rate of p<.05 using cluster-based inference. A
significantly positive correlation was observed between the
ATHI and left A1 connectivity with the right inferior pari-
etal lobule, left superior frontal, bilateral middle frontal,
and right medial frontal areas including bilateral precentral
regions, and bilateral cerebellar areas. A significantly neg-
ative correlation was observed between the ATHI and left
A1 connectivity with the bilateral superior temporal areas
(Fig. 5 and Table 3).

There was no significant difference between the signal-
to-noise ratio of the tinnitus group and control group, using
the whole brain gray matter signal intensity (p=.791), and
the left A1 (p=.970).

Discussion

In this study, functional connectivity differences between
tinnitus and control groups were examined using resting-
state fMRI. Moreover, the association between pre-
rTMS resting-state functional connectivity and tinnitus
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Figure 2 Averaged left DLPFC-based connectivity maps of the (A) tinnitus and (B) control groups. The first row represents the
positive correlation between the left DLPFC and whole brain, whereas the second row represents the negative correlation between
the left DLPFC and whole brain. The hot colormap represents the brain areas that positively correlate with the left DLPFC, whereas
the winter colormap represents the brain areas that negatively correlate with the left DLPFC. For visualization, the left DLPFC-based
connectivity maps of all patients or all controls are averaged and thresholded by the z value of |1|. The green area indicates the
seed region. The tinnitus group (A) showed significantly positive (hot colormap in top row) and negative (winter colormap in bottom
row) DLPFC connectivity with more extensive areas compared with the control group (B).

improvement was investigated. The results suggest that
pre-rTMS auditory cortex hyper-connectivity may have a
profound influence on related areas and lead to good treat-
ment outcomes.

Altered pre-rTMS functional connectivity in
individuals with tinnitus

The tinnitus patients showed significantly increased left
A1-based positive and negative functional connectivity com-
pared to that of the controls. Positive connectivity was
observed in the left middle temporal and postcentral areas,
which process sensory information. The results are similar
to those of a previous study using independent component
analysis, which suggested that left temporal and sensorimo-
tor areas had increased auditory component connections.??
Increased connectivity between the left auditory and mid-
dle temporal areas has also been observed in previous
study.?® Previous studies have suggested that the primary
neural characteristics of tinnitus are auditory hyperactivity
and hyper-synchronization,?*?> which may lead to increased
temporal area connectivity. Increased connectivity with the
postcentral area is also plausible, as tinnitus can be evoked

by somatosensory stimulation of areas where neural connec-
tions linking auditory areas exist.?

In contrast, the significantly increased negative connec-
tivity of the left A1 observed in the left fronto-parietal
and right cerebellar areas may be related to the imbal-
ance between auditory processing and top-down executive
control.”>?” Negative connectivity can be thought of as an
anti-correlation or as phase-reversed BOLD activity. In fact,
top-down executive function issues, such as decreased cog-
nitive speed and prolonged reaction times related to the
control of attentional processes, have been observed in
tinnitus patients.?””?® The frontal areas can mediate the
top-down executive function,?’ and the left angular area,
which is involved in the inferior parietal lobule, has been
suggested as part of the executive control network.® A
meta-analysis has suggested that the inferior semi-lunar lob-
ule (VIIB) is associated with executive functions.?' Taken
together, although it is not known whether the significan-
tly different functional connectivity of the left A1 causes
tinnitus or is resulted from tinnitus, these abnormal connec-
tions are associated with enhanced auditory neural activity,
including that of somatosensory areas, as well as with weak-
ened executive control of auditory processing in tinnitus
patients.
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t value

Figure 3  Group differences between left A1-based connectivity maps. (A) The hot colormap represents the brain areas with
significantly increased positive connectivity of the left A1 in the tinnitus group compared with the control group. These regions
include the left middle temporal, cingulate, and postcentral areas. (B) The winter colormap represents the brain areas with
significantly increased negative connectivity of the left A1 in the tinnitus group compared with the control group. These regions
include the left superior, middle, and medial frontal and angular areas and right cerebellar areas.

Table 2 Significantly different functional connectivity of the left primary auditory cortex between the tinnitus and control
groups.

Contrast  Cluster p(FDR-cor)  Cluster Peak T MNI coordinates Region Brodmann area

X y z

Positive connectivity, Tinnitus group >control group

0.041 51 9.13 —-40 —-10 -10 Middle Temporal Gyrus BA21
0.041 57 5.26 —12 24 40 Cingulate Gyrus BA31
5.03 —-10 —40 46 Cingulate Gyrus BA31
4.35 —-14 34 42 Cingulate Gyrus BA31
0.041 53 5.06 -56 —12 54 Postcentral Gyrus BA1
4.46 -50 -24 64 Postcentral Gyrus BA3
Negative connectivity, Tinnitus group >control group
0.000 239 7.29 —36 10 44 Middle Frontal Gyrus BA6
6.50 -32 18 40 Middle Frontal Gyrus BA8
4.43 -30 24 50 Middle Frontal Gyrus BA8
0.001 124 6.32 -52 70 28 Angular Gyrus BA39
5.14 —42 —68 28 Angular Gyrus BA39
4.25 —40 —60 28 Angular Gyrus BA39
0.006 79 6.16 —6 56 22 Medial Frontal Gyrus BA9
5.36 —12 48 26 Superior Frontal Gyrus BA9
5.24 —14 58 24 Superior Frontal Gyrus BA9
0.006 83 5.03 32 -74 -38 Inferior Semi-Lunar Lobule  *
4.94 30 -84 -34 Pyramis *
Left DLPFC functional connectivity provides related evi- areas, where significantly increased negative connectiv-

dence. For example, the brain areas which significantly ity with the left A1 was observed. This suggests that
increased positive connectivity was observed with the left the executive-control network encompassing fronto-parietal
DLPFC were the left fronto-parietal and right cerebellar as well as cerebellar areas®? was internally strengthened
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t value
37

Figure 4 Group differences between the left DLPFC-based connectivity maps. (A) The hot colormap represents the brain areas
with significantly increased positive connectivity in the tinnitus group compared with the control group. The regions include the
bilateral posterior cingulate cortex, parahippocampal areas, and midbrain, right cerebellum, bilateral angular areas extending to
the precuneus, middle temporal area, inferior parietal lobule, and inferior temporal areas, and left frontal and anterior cingulate
areas. (B) The winter colormap represents the brain areas with significantly increased negative connectivity in the tinnitus group
compared with the normal group. The regions include bilateral temporo-occipital, parietal (e.g., the precuneus and postcentral
and inferior parietal lobules), cingulate, and cerebellar areas.

Positive correlation with ATH Negative correlation with ATHI

t value
T
717

Figure 5 Association between tinnitus improvement (ATHI) and the left A1-based connectivity maps of the tinnitus group. The
hot colormap represents the positive correlation between the ATHI and left A1-based connectivity maps. The winter colormap
represents the negative correlation between the ATHI and left A1-based connectivity maps. Tinnitus improvement was estimated
by subtracting the pre-rTMS THI scores from the post-rTMS THI scores. Thus, a low ATHI (hot colormap) indicates a good rTMS
outcome, whereas a high ATHI (winter color map) indicates a poor rTMS outcome. An rTMS outcome is poor when the connectivity
between the left A1 and bilateral frontal cortices is similar to that of the control subjects (i.e., stronger connectivity [hot colormap]).
An rTMS outcome is good when the connectivity between the left A1 and bilateral temporal cortices is strong (winter color map).

despite weakened executive control of auditory processing
in tinnitus patients. Moreover, the bilateral posterior cin-
gulate and parahippocampal areas, midbrain, and inferior
temporal areas as well as the left anterior cingulate cor-
tex also had increased connectivity with the left DLPFC. In
previous studies, the parahippocampal area was suggested
to be a part of the network, mediating auditory sensory
gating, including the auditory and prefrontal cortices and
hippocampus.** The anterior and posterior cingulate areas

have been shown to be involved in sensory event executive
or evaluative function.?*3°

The significantly increased negative connectivity of the
left DLPFC suggests an anti-correlation between execu-
tive control and auditory (temporal), visual (occipital),
and somatic (postcentral) sensory functions. Because the
connectivity between the left DLPFC and A1 is associated
with auditory working memory and response control,* the
negative connectivity between these regions may suggest
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Table 3 The brain areas of individuals with tinnitus with significant correlations between tinnitus improvement and left primary

auditory cortex functional connectivity.

Contrast Cluster p(FDR-cor) Cluster Peak T MNI coordinates Region
X y z
Positive correlation
0.000 34 43.17 50 —58 52 Inferior Parietal Lobule
13.44 56 —54 48 Inferior Parietal Lobule
0.018 15 25.27 —34 -78 -32 Pyramis
15.58 —30 —86 -30 Tuber
0.000 36 24.75 —22 24 48 Superior Frontal Gyrus
9.54 —18 28 56 Middle Frontal Gyrus
8.83 —26 30 44 Middle Frontal Gyrus
0.000 59 23.36 30 54 4 Middle Frontal Gyrus
16.40 28 52 —6 Sub-Gyral
8.92 22 52 4 Medial Frontal Gyrus
0.026 13 22.18 —4 64 16 Superior Frontal Gyrus
0.000 36 17.41 38 20 44 Middle Frontal Gyrus
10.12 42 16 36 Precentral Gyrus
0.026 13 15.84 —48 —62 —32 Tuber
0.002 25 15.71 26 —76 —38 Inferior Semi-Lunar Lobule
0.005 21 13.44 40 28 28 Middle Frontal Gyrus
0.000 35 12.69 —38 20 36 Precentral Gyrus
0.009 18 12.05 —18 56 20 Superior Frontal Gyrus
8.74 -20 62 14 Superior Frontal Gyrus
Negative correlation
0.001 40 28.23 62 —26 8 Superior Temporal Gyrus
7.54 54 —34 10 Superior Temporal Gyrus
0.001 33 21.62 —42 —38 12 Superior Temporal Gyrus
12.31 —44 —38 4 Sub-Gyral
8.27 —40 —28 14 Transverse Temporal Gyrus

imbalanced auditory processing control in patients with
tinnitus. Likewise, the negative connectivity observed
between the left DLPFC and occipital or postcentral areas
may be related to the imbalanced control of visual and
somatosensory processing. This is in agreement with a pre-
vious study proposing a significant anti-correlation between
visual cortex and executive control network components in
a bothersome tinnitus group.®’ Saccadic eye movements
or somatic sensation can also modulate tinnitus,?® which
suggests that imbalanced sensory processing control in
patients with tinnitus involves not only auditory processing,
but also visual or somatosensory processing. Future studies
are needed to investigate the associations between frontal
and non-auditory sensory areas in tinnitus.

Pre-rTMS functional connectivity correlated
with tinnitus treatment effect

Our results indicate that the rTMS outcome is poor when
the connectivity between the left A1 and bilateral frontal
cortices is similar to that of the control subjects. The
rTMS outcome is good when the connectivity between the
left A1 and bilateral temporal cortices is strong. Because
stronger negative correlations between the left A1 and
bilateral temporal cortices are characteristic features of

tinnitus, tinnitus-specific stronger auditory temporal con-
nectivity seems to be a good prognostic factor for rTMS
outcome.

In general, rTMS has been used to suppress tinnitus by
targeting the A1 and DLPFC."®%* Low frequency (<1Hz)
rTMS suppresses cortical excitability similar to long-term
depression.? In this study, connectivity was determined
through seed-based connectivity analysis using resting fMRI
data obtained before rTMS, with the left A1 and DLPFC as
seed regions. Tinnitus improvement was estimated by sub-
tracting the pre-rTMS THI scores from the post-rTMS THI
scores. Thus, a low ATHI indicates a good rTMS outcome,
whereas a high ATHI indicates a poor rTMS outcome.

There was a significantly positive correlation between
poor rTMS outcomes and increased connectivity of the left
A1 with the left superior, bilateral middle frontal, and right
medial frontal areas as well as the right inferior parietal lob-
ule. In contrast, increased connectivity between the left A1
and bilateral superior temporal areas was associated with
good rTMS outcomes. Because we did not divide the posi-
tive and negative connectivity (i.e., the beta maps) for this
analysis, a clear definition of ‘‘increased connectivity’’ is
important, as it is completely different from ‘‘increased
negative or positive connectivity.’’ Increased connectivity
can be indicated in three ways, including from negative
rho with the largest to smallest magnitudes, from nega-
tive to positive rho, and from positive rho with the smallest
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to largest magnitudes. Fig. 1A shows that the connectiv-
ity between the left A1 and bilateral superior, middle, and
medial frontal areas as well as the right inferior parietal
lobule was negative in the tinnitus group, and Fig. 1B shows
that the connectivity between the left A1 and the above
regions was relatively neutral in the control group. These
results demonstrate that when the functional connectivity
of tinnitus group was similar to that of the control group,
the rTMS response was worse. Moreover, Fig. 1 shows that
the connectivity between the left A1 and bilateral tempo-
ral areas was positive in both groups, but stronger in the
tinnitus group. These results also demonstrate that similar
connectivity between the tinnitus and control groups was
associated with worse rTMS responses. This may be because
of the inhibitory effect of low frequency rTMS. A previous
study showed that low frequency rTMS over the left DLPFC
led to reduced resting-state network activity within the
default mode network after rTMS.*’ The application of low
frequency rTMS over the left A1 may have a profound effect
on related areas if its connectivity was hyper-synchronized
before rTMS.

In this study, we used resting-state fMRI and rTMS to
examine functional connectivity differences between tin-
nitus and control groups. The association between tinnitus
improvement and pre-treatment resting-state functional
connectivity was also examined. Despite our small sample
size, we used rigorous statistical criteria to support our
findings. Nevertheless, the findings of this study could be
considered only trends because of the small sample size so
future study is necessary in large sample data. In addition,
the implication of this study about the relationship between
tinnitus improvement and resting-state functional connec-
tivity of the left A1 should be carefully explained, because
we did not include individuals with non-responders (all but
one individual with tinnitus exhibited significant tinnitus
improvement) into the analysis. Because rTMS was applied
to the left A1 and DLPFC sequentially, the effect of rTMS
over the left A1 could be not separated to the effect of
rTMS over the left DLPFC although resting-state functional
connectivity of the left DLPFC before rTMS treatment was
not significantly associated with treatment effectiveness.
Data for the tinnitus and control groups were collected in
separate scanners. This may be one of potential confound-
ing factors of this study but we prove that there was no
significant difference in image quality between the scan-
ners. In addition, the wavelet despiking we used in this study
can reduce artifacts related with high/low frequency noise
due to excessive motion, but physiological noise or motion
related noise was not completely removed from the data.
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