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Objectives. The aim of the study was to compare differences in neural correlates of tinnitus in adults with recent onset and others
who had the disorder for longer than a year. Design. A total of 25 individuals with tinnitus were divided into groups based on the
amount of time for which they had experienced tinnitus: <1 year (RTIN) or >1 year (LTIN). Subjects underwent an fMRI scan
while listening to affective sounds from the International Affective Digital Sounds database. Resting state functional connectivity
data were also collected. Results. The RTIN group recruited the posterior cingulate and insula to a greater extent than the LTIN
group when processing affective sounds. In addition, we found that the LTIN group engaged more frontal regions when listening
to the stimuli compared to the RTIN group. Lastly, we found increased correlations between the default mode network and the
precuneus in RTIN patients compared to LTIN at rest. Conclusion. Our results suggest that the posterior cingulate and insula may
be associated with an early emotional reaction to tinnitus in both task and resting states. Over time, tinnitus patients may recruit
more frontal regions to better control their emotional response and exhibit altered connectivity in the default mode network.

1. Introduction

Tinnitus, the perception of noise without an external sound
stimulus, is estimated to affect more than 50 million adults
in the United States [1]. Tinnitus is associated with impaired
sleep habits, difficulty concentrating, and, in severe cases,
suicide [2–4]. Given the prevalence of tinnitus and its
detrimental effect on sufferers, it is important to investigate
the underlying neural correlates involved in tinnitus. Past
studies have linked increased activation in the limbic sys-
tem to tinnitus [5–9]. Although a number of studies have
investigated the neural correlates associated with tinnitus,
few have investigated how these alterations may change over
time. The objective of the current study was to build on the
findings in Carpenter-Thompson et al. [5] and Schmidt et al.
[10] in order to investigate potential neural plasticity thatmay

be observed when comparing those recently diagnosed with
tinnitus (RTIN) to those who have had tinnitus for a long
period of time (LTIN).

Few research studies have investigated neural differences
between RTIN and LTIN patients. It is important to investi-
gate these differences in order to identify brain regions that
may be involved in the initial response to chronic tinnitus
and the response to prolonged chronic tinnitus. According
to past research, tinnitus may be associated with increased
response in the limbic system, specifically the emotional
reaction to tinnitus [11–14]. Carpenter-Thompson et al. [5]
substantiated these findings by using fMRI and affective
sounds to compare neural response across three groups:
normal hearing, hearing loss without tinnitus, and hearing
loss with tinnitus. Heightened activation in the limbic system,
particularly the insula and posterior cingulate, was observed
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in those with tinnitus compared to matched hearing loss
and normal hearing controls. The observed response pattern
may be associated with tinnitus distress [5]. Additionally,
increased response in frontal regions in those with tinnitus
compared to the normal hearing groupwas noted, whichmay
be associated with enhanced top-down control of emotional
processing [15] and habituation to the tinnitus percept (the
tinnitus group reported mild form of tinnitus). However,
Carpenter-Thompson et al. [5] were unable to comment on
the neural plasticity of tinnitus persistence, because those
with tinnitus were compared to nontinnitus controls, and
all the subjects had experienced tinnitus for longer than
one year. Therefore, in the present work, we expanded on
Carpenter-Thompson et al.’s [5] study and compared the
aforementioned tinnitus patients, referred to as LTIN in this
investigation, to individuals recently diagnosed with tinnitus
(RTIN).

In addition to earlier task-based analysis [5], a resting
state functional connectivity analysis [10] was performed
to assess connectivity differences in the same group of
participants as Carpenter-Thompson et al. [5]. Resting state
functional connectivity analysis allows for the correlation of
spontaneous fluctuations in brain activity across regions that
reliably form resting state networks. Several recent studies
examining these networks in tinnitus patients via fMRI have
noted altered connectivity in these patients compared to
control groups [13, 16–19]. These changes echo the relation-
ship between limbic and attention regions in tinnitus. In
Schmidt et al. [10], network alterations included increased
correlations between the primary auditory cortices and the
left parahippocampus in tinnitus patients compared to nor-
mal hearing controls, reduced correlations between seeds
in the default mode network (medial prefrontal cortex and
posterior cingulate cortex) and the precuneus in the tinnitus
group compared to both control groups, and increased
correlation between seeds in the dorsal attention network
(bilateral frontal eye fields) and the right parahippocampus
in tinnitus compared to hearing loss controls. These changes
could also be related to tinnitus habituation, but this study
also could not address potential neural plasticity as a result of
tinnitus persistence.

The present study used the same experimental paradigms
as Carpenter-Thompson et al. [5], which included fMRI
imaging and an affective sound categorization task, and the
resting state paradigm of Schmidt et al. [10], to evaluate
differences in neural correlates between RTIN and LTIN
groups. The purpose of the current cross-sectional study
was to expand upon the results from our earlier work [5,
10] in order to investigate the neural plasticity of tinnitus
persistence. The study focused on two main hypotheses that
relate to the possible persistence of mild tinnitus: (1) those
with RTINhave increased response in the limbic system asso-
ciated with an early emotional response to tinnitus, whereas
those with LTIN show heightened response in frontal regions
reflecting habituation to the tinnitus percept, and (2) subjects
with RTIN have altered resting state functional connectivity
including increased correlations between the auditory resting
state network and limbic areas and a disrupted default mode

network compared to LTIN group because they are less able
to maintain a true resting state.

2. Methods

2.1. Subjects. Individuals with tinnitus were recruited from
the Urbana-Champaign region of Illinois using flyers, mass
emails, and help from local audiological clinics. All partici-
pants agreed to participate in the study and provided written
informed consent in accordance with UIUC IRB protocol
10144. Monetary compensation was provided to all subjects.

A total of 25 subjects were included in data analysis: 12
individuals with recent onset of tinnitus (RTIN), defined as
less than 1 year, and 13 individuals that had tinnitus for more
than 1 year (LTIN). RTIN participants were required to have
tinnitus for more than 6months but less than 1 year to ensure
it was chronic in nature and recent. Concerning those in the
LTIN group, nine participants were able to provide an exact
number of years for which they have experienced tinnitus
(16.83 ± 15.1) and four participants were unable to provide an
exact number of years forwhich they experienced tinnitus but
indicated that they experienced tinnitus for more than 1 year.
TheRTIN group consisted of 5male and 7 female participants
aged 48.1 ± 10.3, and there were 9 males and 4 females, age
54.7 ± 7.0, in the LTIN group. Groups did not significantly
differ in age (𝑝 = 0.068). All participants completed the
tinnitus handicap index (THI) [20], Beck anxiety inventory
(BAI) (0–7: minimal, 8–15: mild, 16–25: moderate, and 26–
63: severe), and Beck depression inventory (BDI-II) (0–9:
minimal, 10–18: mild, 19–29: moderate, and 30–63: severe)
[21–24]. In THI, subjects ranged from slightly bothersome
tinnitus to mildly bothersome tinnitus. Note that the RTIN
group scored higher on average (𝑝 = 0.012) compared to
the LTIN group and a portion of RTIN subjects scored in
the mildly bothersome category, but the average score for
both groups fell within the slightly bothersome category
(Table 1). In BAI, overall, subjects ranged from minimal to
mild anxiety (Table 1), with the RTIN group (BAI: 3.7 ± 3.6;
0–13) scoring slightly higher on average compared to the
LTIN group (1.7 ± 1.6; 0–3; 𝑝 = 0.026) [25]. In BDI-II, the
RTIN group scored between minimal and mild depression
and all scoreswithin the LTIN groupwerewithin theminimal
depression range (Table 1). Similar to the other measures,
the RTIN group scored slightly higher on the BDI-II (4.3
± 3.9; 0–11) compared to the LTIN group (1.3 ± 1.9; 0–6; 𝑝
= 0.024) (Table 1). With regard to hearing loss profiles, all
participants in the LTIN group [5] had normal hearing up
to 2 kHz and mild-to-moderately severe sloping hearing loss
after that andwerematched to their own hearing loss controls
in Carpenter-Thompson et al. [5] and Schmidt et al. [10]
studies. Because of difficulty in recruiting RTIN participants,
we chose not to have any criterionwith regard to their hearing
profiles. Further, seven of the twelve RTIN subjects were
inadvertently not assessed with pure tone audiometry. Three
of the five RTIN subjects who were assessed demonstrated
normal hearing, while the other two had mild-to-moderate
hearing loss above 2 kHz as in the LTIN group. One of the
two with mild hearing loss also demonstrated a mild loss at
250Hz in the right ear. However, all RTIN and LTIN subjects
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Table 1: Demographic and clinical characteristics for both groups.
THI: tinnitus handicap inventory; BAI: Beck anxiety inventory;
BDI-II: Beck depression inventory. Age, THI, BAI, and BDI-II
scores were compared using independent sample 𝑡-tests. ∗ indicates
significant difference between groups at 𝑝 < 0.05.

Group RTIN
(recent tinnitus)

LTIN
(long-term tinnitus)

Group size 12 13
Age (M ± SD) 48.1 ± 10.3; 32–65 54.7 ± 7.0; 42–64
Gender 5 male, 7 female 9 male, 4 female
Handedness 11 right, 1 left 12 right, 1 left
BAI (M ± SD) 3.7 ± 3.6; 0–13∗ 1.7 ± 1.6; 0–3∗

BDI-II (M ± SD) 4.3 ± 3.9; 0–11∗ 1.3 ± 1.9; 0–6∗

THI (M ± SD) 15.7 ± 10.2; 2–34∗ 8.3 ± 6.8; 0–18∗

included in the study indicated they heard each sound during
the scanning session, despite these sounds being broad band
in nature; this was further confirmed by their behavioral
responses to the sounds via button presses. Additionally,
all subjects included in analysis did not have hyperacusis,
as assessed by a simple questionnaire. As discussed in the
Introduction, the LTIN group was used in previous studies
within the lab comparing tinnitus to nontinnitus controls
[5, 10].

2.2. Stimuli and Task. Stimuli were chosen from the Inter-
national Affective Digital Sounds (IADS) database and were
rated to be pleasant (P), unpleasant (U), or neutral (N) by
young healthy adults [26]. Based on the normative scores (9
point scales for valance and arousal with 1 being unpleasant
and 9 pleasant and 1 being not arousing and 9 very arousing),
90 sounds were selected: 30 pleasant sounds (valance: 6.83 ±
0.54; arousal: 6.46 ± 0.56), 30 unpleasant sounds (valance:
2.78 ± 0.58; arousal: 6.9 ± 0.56), and, to serve as a baseline
during fMRI data analysis, 30 neutral sounds (valance: 4.81 ±
0.43; arousal: 4.85 ± 0.57) [26]. The 90 sound stimuli were
presented to the subject through pneumonic headphones
(Resonance Technology, Inc., Northridge, CA) while in the
fMRI scanner. Presentation of the sounds was controlled
using Presentation 14.7 software (http://www.neurobs.com/)
on a Windows XP machine. Subjects were asked to rate
each sound as either pleasant, unpleasant, or neutral using
button presses during the scanning session. Participants
were instructed to respond as soon as they felt confident
in their rating. Subsequent rating and reaction time data
were collected. During fMRI data analysis subject’s individual
ratings of the sounds were used rather than the normative
scores [26], as in Carpenter-Thompson et al. [5].

2.3. Data Acquisition. Data were acquired using a Siemens
3T Allegra head only scanner. As with previous work in our
lab [5, 27, 28], cluster echo-planar imaging (EPI) acquisi-
tion was used to minimize scanner noise interference with
stimuli perception [29, 30]. Data from ninety trials, one for
each stimulus, were obtained during the emotion task. The
repetition time (TR) of each trial was 9 seconds. The 9 s TR

interval consisted of 7 s of silence, during which a 6 s sound
stimulus was presented, followed by a 2 s scan.

In addition to the emotion task, resting state functional
connectivity data were collected. In this scan, continuous
scanning was employed for five minutes, during which
participants were instructed to lie still and fixate on a cross
presented on a screen. One hundred and forty-six volumes
were collected and preprocessed for analysis; the first four of
the original 150 volumes were discarded to remove the effects
of magnet stabilization.

During the scanning session, two sets of anatomical
images and two sets of functional images were collected.
A structural low-resolution T2-weighted image (AxT2) and
a structural high resolution magnetization-prepared rapid-
acquisition with gradient echo (MPRAGE) image volumes
were collected. Thirty-two low-resolution transversal slices
(AxT2) (TR = 7260ms, TE = 98ms) were collected for each
volume with a 4.0mm slice thickness and a 0.9 × 0.9 ×
4.0mm3 voxel size (matrix size (per slice), 256 × 256; flip
angle, 150∘). One hundred and sixty MPRAGE 1.2mm in
thickness sagittal slices were obtained for each volume with
a 1.0 × 1.0 × 1.2mm3 voxel size (TR, 2300ms; TE, 2.83ms;
matrix size (per slice), 256 × 256; flip angle, 9∘). Functional
images of the emotion task were obtained using the following
parameters: TR, 9000ms with 2000ms acquisition time; TE,
30ms; slice thickness, 4mm; interslice gap, 0.4mm; 32 axial
or transverse slices, distance factor, 10%; voxel size, 3.4 × 3.4
× 4.0mm3; field of view read, 220mm;matrix size (per slice),
64 × 64; flip angle, 90∘. Resting state data were collected using
aTRof 2000ms for a total of 150 image volumes for 5minutes;
all other parameters were the same as those for the emotion
task.

2.4. Data Analysis

2.4.1. Behavior. Behavioral data obtained through in-scanner
responses were analyzed using SPSS version 22 software
(Statistical Package for Social Sciences, IBM, http://www-01
.ibm.com/software/analytics/spss/). Using ANOVA testing
with group (RTIN, LTIN) and condition (P, N, and U) set
as independent factors and reaction time and rating set as
dependent factors, between- and within-group differences
were computed. Statistical significance was set at 𝑝 < 0.05 for
all behavioral data.

2.4.2. fMRI Data Analysis. Statistical parametric mapping 8
software (SPM8, Welcome Trust Centre for Neuroimaging,
http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) was used
to analyze the fMRI data. Preprocessing within SPM8 was
used to realign, coregister, normalize, and smooth the images.
Preprocessing of the resting state data also included slice
time correction. Realignment. Images were realigned using
a rigid body transformation to control for head motion.
Coregistration. The AxT2 image was coregistered to the mean
functional image generated from realignment.TheMPRAGE
image was then coregistered to the AxT2 image. Normaliza-
tion. The MPRAGE was normalized to match a standard T1
MNI template. The normalization parameters obtained were
then applied to the functional images to normalize them into
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standard MNI space. Smoothing. A Gaussian kernel of 8 × 8
× 8mm3 full width at half-maximum was applied.

Emotion Task. The smoothed images generated from prepro-
cessingwere used in first level fixed effects analysis to generate
P > N and U > N contrast images for each subject. Note that
the N condition was used as baseline. The contrast images
generated from each subject (P > N, U > N) were used in
flexible factorial analysis and post hoc independent sample
𝑡-tests at the second level. The RTIN and LTIN groups were
compared directly using whole-brain post hoc independent
sample 𝑡-tests. Supplementary targeted region-of-interest
(ROI) analysis using the Wake Forest University Pick atlas
toolbox (http://www.fmri.wfubmc.edu) within SPM8 was
conducted to select for differences within auditory and limbic
regions. An anatomically defined mask of the amygdala,
insula, parahippocampus, and auditory cortex (Brodmann
areas 42, 41, and 22) was applied to the post hoc independent
sample 𝑡-tests. Auditory regions were included in the analysis
since tinnitus has been shown to involve the auditory pathway
[9, 31–34]. Statistical significance was set at 𝑝 < 0.025 FWE at
the voxel level and small volume correction (SVC) was used
for ROI analysis.

Resting State. Analysis of the resting state data was performed
using the Functional Connectivity Toolbox (Conn) [35] for
MATLAB. Following preprocessing, the data were bandpass
filtered within Conn from 0.008 to 0.08 kHz. The time series
associated with nuisance parameters including white matter,
cerebrospinal fluid, and realignment parameters created dur-
ing preprocessing were regressed out of the data. Next, seed-
to-voxel analysis was performed to examine three resting
state networks: the auditory resting state network, the default
mode network (DMN), and the dorsal attention network
(DAN). These networks were chosen based on prior results
from our lab that demonstrated connectivity alterations in
tinnitus patients when compared to control groups [10].
Multiple seed regions were used to assess the connectivity of
each network. In the auditory network, the two seeds were
placed in the bilateral primary auditory cortices. In theDMN,
seeds were located in the posterior cingulate cortex and the
medial prefrontal cortex. The DAN was examined using four
seeds located in the bilateral posterior intraparietal sulci and
the left and right frontal eye fields (based on [13]). Each
seed was a sphere of radius 5mm created in Marsbar [36].
Coordinates were the same as those used in previous studies
in our lab [10, 27] and are listed in Table 2.

For each subject, correlation maps of the whole brain
were created for each seed. Then, for each network, the maps
were averaged over all seeds to create a single representation
of the network. Thus, in the case of the DMN and auditory
networks, the single subject correlation map was an average
of two seeds, and for the DAN, it was an average of four
seeds. These averaged correlation maps were 𝑧-transformed
before group averages were computed to enable cross-group
comparisons. Independent sample 𝑡-tests were performed in
Conn [35] and exported to SPM8 for display. Whole-brain
analysis was performed; to be significant, clusters needed to

Table 2: List of seed regions used during the resting state connec-
tivity analysis. DMN: default mode network; DAN: dorsal attention
network.

Network Seed region MNI coordinates
𝑋, 𝑌, 𝑍

Auditory Right primary auditory
cortex 55, −22, 9

Auditory Left primary auditory
cortex −41, −27, 6

DMN Medial prefrontal cortex 8, 59, 19
DMN Posterior cingulate cortex −2, −50, 25

DAN Left posterior intraparietal
sulcus −23, −70, 46

DAN Right posterior
intraparietal sulcus 26, −62, 53

DAN Left frontal eye field −25, −11, 54
DAN Right frontal eye field 27, −11, 54

be within a 𝑝 < 0.025 FWE corrected threshold at either the
cluster or voxel level, with a cluster extent of 20 voxels.

3. Results

3.1. Behavioral Results. Behavioral data of the emotional
task were analyzed using ANOVA tests, with significance
set at 𝑝 < 0.05. Group (LTIN, RTIN) and condition (P,
N, and U) were used as independent variables and reaction
time and responses were used as dependent variables within
a general linear model. Both groups responded slower to
neutral sounds relative to either pleasant or unpleasant
sounds, and upon direct comparison, no statistically sig-
nificant differences in reaction times between groups were
detected (Figure 1(a)). Additionally, both groups responded
“unpleasant” significantly more than “pleasant”. The LTIN
group responded “unpleasant” significantly more compared
to “neutral” (Figure 1(b)). However, when directly comparing
groups, no significant differences in sound ratings were
observed (Figure 1(b)).

3.2. fMRI Results

3.2.1. Emotional Task. A flexible factorial model was used to
analyze the main effect of group andmain effect of condition.
Neural response was observed in the right superior temporal
gyrus, left middle frontal gyrus, and left insula for the main
effect of group (Table 3). For the main effect of condition,
response was observed in the medial frontal gyrus (Table 3).
Within-group whole-brain analysis was conducted to con-
firm that the expected auditory regions were recruited by
both groups during the task (Table 4). To investigate between-
group differences, we used whole-brain independent sample
𝑡-tests (Table 5). To better elucidate differences in auditory
and limbic regions, subsequent targeted ROI analysis was
conducted (Table 6). Note that statistical significance was set
to 𝑝 < 0.025 FWE corrected threshold for imaging results.
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Table 3: Localmaxima for themain effect of group and condition in the emotion task experiment. Regions are listed inMontreal Neurological
Institute (MNI) coordinates. Brodmann areas are also provided (before determining the Brodmann areas, the MNI coordinates were
converted to Talairach coordinates). Statistical threshold was set at 𝑝 < 0.025 FWE corrected for multiple comparisons. L: left; R: right.

Contrast MNI coordinates
𝑋, 𝑌, 𝑍 𝑍 score Cluster

mm3 Brain region (Brodmann area)

Main effect group
56, −40, 12 5.19 648 R. superior temporal gyrus (BA 22)
−40, 2, 40 5.14 234 L. middle frontal gyrus (BA 9)
−34, −10, 16 5.02 330 L. insula (BA 13)

Main effect condition 0, 52, −4 5.31 1444 Medial frontal gyrus (BA 10)
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Figure 1: (a) Reaction time results for the emotion task. Both LTIN and RTIN groups responded slower to N sounds compared to P and U
sounds. However, there were no significant differences observed between groups. (b) Behavioral response results for the emotion task. Both
LTIN and RTIN groups responded more to U sounds than to P sounds.The LTIN group also responded to U sounds more than to N sounds.
There were no significant differences observed between groups. Statistical significance 𝑝 < 0.05.

Consistent with our previous studies, whole-brain analy-
sis revealed heightened response in temporal regions to the
affective sounds in both groups [5]. For the LTIN (P > N)
contrast increased response was observed in the bilateral
superior temporal gyrus, left middle temporal gyrus, left
transverse temporal gyrus, and left precuneus (Table 4).
Elevated response was observed in the bilateral superior tem-
poral gyrus, right middle temporal gyrus, and left transverse
temporal gyrus for the LTIN (U > N) comparison (Table 4).
Increased response was observed in the bilateral middle
temporal gyrus, left precuneus, and medial frontal gyrus for
the RTIN (P > N) contrast (Table 4). For the RTIN (U >
N) contrast heightened response was observed in the right
middle temporal gyrus, left superior temporal gyrus, and left
lentiform nucleus (Table 4).

Similar to previous studies in our lab, the P > N contrast
revealed the greatest number of differences between groups
[5]. Using whole-brain independent sample 𝑡-tests analysis,
increased response was observed in the posterior cingulate
for the RTIN > LTIN (P > N) contrast (Table 5, Figure 2(a)).
Heightened response was observed in the left insula and right
precentral gyrus for the RTIN > LTIN (U > N) compari-
son. To better detect limbic system activation, ROI analysis
was implemented and increased left insular response was
observed for the RTIN> LTIN (U>N) comparison (Table 6).
No suprathreshold voxels were observed for the LTIN>RTIN
(U > N) and RTIN > LTIN (P > N) comparisons (Table 6).
Increased response was observed in the bilateral middle
frontal gyrus (Figure 2(b)), bilateral superior temporal gyrus,
right supramarginal gyrus, and cingulate gyrus for the LTIN
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Table 4: Local maxima for the whole-brain analysis for within-group contrasts in the emotion task experiment. Whole-brain analysis for
both P > N and U > N conditions was computed for each group. Regions are listed in Montreal Neurological Institute (MNI) coordinates.
Brodmann areas are also provided (before determining the Brodmann areas, the MNI coordinates were converted to Talairach coordinates).
Statistical threshold was set at 𝑝 < 0.025 FWE corrected for multiple comparisons. L: left; R: right; P: pleasant; N: neutral; U: unpleasant.

Contrast MNI coordinates
𝑋, 𝑌, 𝑍 𝑍 score Cluster

mm3 Gyrus (Brodmann area)

LTIN group (P > N)

54, −16, 2
52, −34, 4
66, −30, 0

6.14
6.06
5.46

273
R. superior temporal gyrus (BA 22)
R. middle temporal gyrus (BA 22)
R. middle temporal gyrus (BA 21)

−54, −10, 0
−56, −16, 10
−56, −2, −2

5.94
5.68
5.52

303
L. superior temporal gyrus (BA 22)
L. transverse temporal gyrus (BA 42)
L. superior temporal gyrus (BA 22)

−62, −40, 10 5.35 43 L. superior temporal gyrus (BA 22)
−6, −56, 34
−10, −48, 30

5.28
5.02 61 L. precuneus (BA 7)

L. precuneus (BA 31)

LTIN group (U > N)

−58, −8, 2
−58, −16, 10

5.81
5.61 371 L. superior temporal gyrus (BA 22)

L. transverse temporal gyrus (BA 42)
54, −46, 2
58, −4, 0
60, 2, −6

5.69
5.34
5.26

194
R. middle temporal gyrus (BA 22)
R. superior temporal gyrus (BA 22)
R. superior temporal gyrus (BA 22)

48, −34, 4 5.34 29 R. superior temporal gyrus (BA 22)

RTIN group (P > N)

58, 2, −8
56, −10, −4

6.12
5.19 103 R. middle temporal gyrus (BA 21)

R. middle temporal gyrus (BA 22)
−10, −46, 44 5.74 22 L. precuneus (BA 7)
−54, −20, −6 5.67 35 L. middle temporal gyrus (BA 21)
14, 50, 10 5.32 30 Medial frontal gyrus (BA 10)

RTIN group (U > N)

−26, −6, −6 5.95 45 L. lentiform nucleus
58, 2, −8 5.78 46 R. middle temporal gyrus (BA 21)
−54, −18, −6 5.62 25 R. middle temporal gyrus (BA 21)
−54, −6, 4
−56, 0, −4

5.11
5.05 44 L. superior temporal gyrus (BA 22)

L. superior temporal gyrus (BA 22)

Table 5: Local maxima for the whole-brain independent sample t-tests in the emotion task experiment. Whole-brain independent sample
t-tests were computed for between-group differences. Regions are listed in Montreal Neurological Institute (MNI) coordinates. Brodmann
areas are also provided (before determining the Brodmann areas, the MNI coordinates were converted to Talairach coordinates). Statistical
threshold was set at 𝑝 < 0.025 FWE corrected for multiple comparisons (∗ indicates significance at cluster level only). L: left; R: right.

Contrast MNI coordinates
𝑋, 𝑌, 𝑍 𝑍 score Cluster

mm3 Gyrus (Brodmann area)

LTIN > RTIN (P > N)

−16, −12, 32 5.13 117 L. middle cingulate gyrus
52, −42, 16 5.10 596 R. superior temporal gyrus (BA 22)
54, 18, 30 5.00 348 R. middle frontal gyrus (BA 46)
42, −50, 26 4.85 154∗ R. supramarginal gyrus (BA 40)
−40, 2, 40 4.83 246∗ L. middle frontal gyrus (BA 9)
6, 12, 30 4.82 145∗ R. middle cingulate gyrus
−64, −38, 10 4.81 603∗ L. superior temporal gyrus (BA 22)
−22, −12, 52 4.58 248∗ L. middle frontal gyrus (BA 6)

LTIN > RTIN (U > N) No suprathreshold voxels
RTIN > LTIN (P > N) 12, −66, 10 4.58 215∗ Posterior cingulate gyrus

RTIN > LTIN (U > N) −32, −20, 12 4.82 365∗ L. insula
38, −12, 36 4.81 265∗ R. precentral gyrus (BA 4)
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Figure 2: Statistical parametricmaps for post hoc independent sample 𝑡-tests for the emotion task.Whole-brain post hoc independent sample
𝑡-tests were used to determine group differences. (a) Statistical tests detected increased response in the posterior cingulate in the RTIN group
compared to the LTIN group. (b) Statistical tests detected increased response in the right middle frontal gyrus in the LTIN group compared
to the RTIN group. For better visualization, the maps are displayed at 𝑝 < 0.001 uncorrected, but the circled cluster is corrected for multiple
comparisons (𝑝 < 0.025 FWE).

Table 6: Local maxima for the region-of-interest (ROI) independent sample 𝑡-tests in the emotion task experiment. Between-group
independent sample 𝑡-tests using ROI analysis comprised of amygdala, insula, parahippocampus, and auditory cortex (Brodmann areas 42, 41,
and 22) were conducted. Regions are listed in Montreal Neurological Institute (MNI) coordinates. Brodmann areas are also provided (before
determining the Brodmann areas, the MNI coordinates were converted to Talairach coordinates). Statistical threshold was set at 𝑝 < 0.025
FWE corrected for multiple comparisons (∗ indicates significance at cluster level only). L: left; R: right.

Contrast MNI coordinates
𝑋, 𝑌, 𝑍 𝑍 score Cluster

mm3 Gyrus (Brodmann area)

LTIN > RTIN (P > N) 50, −42, 18 4.66 34 R. superior temporal gyrus (BA 22)
LTIN > RTIN (U > N) No suprathreshold voxels
RTIN > LTIN (P > N) No suprathreshold voxels
RTIN > LTIN (U > N) −32, −20, 14 4.46 216∗ L. insula (BA 13)

> RTIN (P > N) comparison. There were no suprathreshold
voxels detected for the LTIN > RTIN (U > N) compari-
son. Upon direct comparison using ROI analysis, increased
response was observed in the right superior temporal gyrus
for the LTIN > RTIN (P > N) contrast.

3.2.2. Resting State. Concerning resting state analysis, there
was little difference in functional connectivity between the
RTIN and LTIN groups. In the DAN and the auditory
network, no regions of significancewere located. In theDMN,
there was significantly increased connectivity between seeds

in the posterior cingulate cortex andmedial prefrontal cortex
and the right precuneus/posterior cingulate in the RTIN
group compared to the LTIN group (Table 7, Figure 3).

4. Discussion

Our study produced three main findings concerning fMRI
activation and correlation patterns. First, increased activation
was observed in the posterior cingulate and insula in those
with RTIN compared to LTIN for the unpleasant relative
to neutral sounds. Increased posterior cingulate and insula
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Table 7: Regions of significance in the resting state connectivity analysis. Between-group independent sample 𝑡-tests were performed for each
resting state network examined. Regions are listed in Montreal Neurological Institute (MNI) coordinates. Brodmann areas are also provided
where applicable. Statistical threshold was set at 𝑝 < 0.025 FWE corrected for multiple comparisons. Aud: auditory resting state network;
DAN: dorsal attention network; DMN: default mode network; R: right.

Contrast MNI coordinates
𝑋, 𝑌, 𝑍 𝑍 score Cluster

mm3 Gyrus (Brodmann area)

Aud RTIN > LTIN No suprathreshold voxels
Aud LTIN > RTIN No suprathreshold voxels
DAN RTIN > LTIN No suprathreshold voxels
DAN LTIN > RTIN No suprathreshold voxels
DMN RTIN > LTIN 2, −58, 42 5.38 199 R. precuneus/posterior cingulate
DMN LTIN > RTIN No suprathreshold voxels

RTIN > LTIN, DMN

0

2

4

6

Figure 3: Statistical parametric maps for post hoc independent
sample 𝑡-tests for the resting state analysis of the default mode net-
work. Whole-brain post hoc independent sample 𝑡-tests were used
to determine group differences. Statistical tests detected increased
response in the right precuneus/posterior cingulate in the RTIN
group compared to the LTIN group. For better visualization, the
maps are displayed at 𝑝 < 0.001 uncorrected, but the circled cluster
is corrected for multiple comparisons (𝑝 < 0.025 FWE). DMN:
default mode network.

activity may be associated with an initial emotional response
to tinnitus. Second, elevated response was found in the
middle frontal gyrus in the LTIN group compared to the
RTIN group. Increased activation of the frontal regions
may indicate habituation to the tinnitus percept over time.
Lastly, there was greater resting state functional connectivity
between default mode seeds, located in the posterior cingu-
late cortex (PCC) and the medial prefrontal cortex, and the
precuneus/posterior cingulate gyrus in RTIN compared to
LTIN patients. This suggests that alterations in the default
mode network occur following habituation to the tinnitus
stimulus. Together, these findings may indicate an early and
a late neural plasticity to chronic internal noise and are
discussed in turn.

Consistent with our findings, previous studies have asso-
ciated abnormal activity in limbic regions, specifically the
posterior cingulate and insula, with an emotional reaction
to tinnitus resulting in distress [5, 11, 14, 37–39]. Carpenter-
Thompson et al. [5] found increased response in the posterior

cingulate and insula when comparing those with tinnitus, the
current LTIN group, to nontinnitus controls [5]. In the cur-
rent study, increased response from the posterior cingulate
and insula was observed in the RTIN group compared to
the LTIN group. Our results suggest that, in early tinnitus,
the response from the posterior cingulate and insula is even
greater than that of those who have had tinnitus for a long
period of time. We suspect that heightened PCC and insular
activity in the RTIN group compared to the LTIN group
may be neural indicators of an initial emotional reaction
to tinnitus. This is corroborated by previous models of
tinnitus severity which included insula and cingulate regions
as centers of tinnitus distress [5, 40]. Therefore our results
support our initial hypothesis that the early reaction to
tinnitus may involve heightened activation in limbic regions,
specifically the posterior cingulate and insula.

In addition to the limbic activity, increased activation
in frontal regions was observed in the LTIN compared to
the RTIN group. Consistent with our findings, past studies
have found increased activation of frontal regions, including
the middle frontal gyrus, in tinnitus [5, 9, 12, 13]. We
found increased response in the middle frontal gyrus in
the LTIN group compared to the RTIN group. Heightened
frontal response has been associated with enhanced top-
down control over emotional processing centers. Jacques et
al. [15] presented adults with unpleasant images while in
an fMRI scanner to measure neural response while viewing
the images. They found that increased response from the
amygdala was associated with better recall of the unpleasant
images, and increased response from frontal regions was
associated with poorer recall. The researchers proposed that
frontal regions may be used to control emotional response
to affective stimuli, thereby ignoring the unpleasant images
resulting in poorer recall of the pictures. In our study,
increased frontal response may help individuals with tinnitus
control their emotional response to affective auditory stimuli.
The results also suggest a complex interaction between frontal
and limbic regions when processing auditory information
that warrants future investigation by other studies. Specif-
ically, elevated response in the middle frontal gyrus may
indicate top-down control over the emotional response to the
tinnitus percept, resulting in minor improvements in THI
scores in LTIN patients relative to RTIN patients.
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Evidence for plasticity in the default mode network with
tinnitus habituationwas also noted in this study. Resting state
functional connectivity revealed that an increased correlation
between the DMN and the right precuneus was noted in
RTIN patients compared to LTIN (Figure 3). This significant
cluster is large and encompasses a portion of the posterior
cingulate. Thus, there is abnormal limbic activity at rest
in RTIN patients that is not present in LTIN patients. It
is possible that this alteration, as suggested in the task-
based results, reflects a heightened emotional response to the
percept because the RTIN group has not yet habituated to it.
However, reduced correlation between the same DMN and
the precuneus/posterior cingulatewas observed in Schmidt et
al. [10], where LTIN patients were compared to both normal
hearing and hearing loss controls. Therefore, it is likely that
alterations to resting state networks occur later than task-
related alterations in tinnitus patients, and the results seen in
this study reflect the same decreased coherence in the LTIN
previously noted [10], as opposed to abnormal increases in
correlations in the RTIN group.Thus, the reduced coherence
of the DMN in LTIN could be indicative of neural plasticity
as a consequence of tinnitus habituation. Those with recent
onset of tinnitus may have not yet had time to establish these
altered functional connectivity patterns at rest.

5. Caveats

The present study was a cross-sectional study, rather than
a longitudinal study, and therefore we can only speculate
as to the meaning of neural differences between LTIN and
RTIN groups. We suggest a longitudinal functional imaging
study of tinnitus in order to better identify the functional
changes in tinnitus over time and to make more substantial
claims as to which brain areas are involved in the plasticity of
tinnitus persistence. Additionally, the present study did not
account for possible differences in hearing loss in the two
groups. Past studies in our lab have suggested that hearing
loss may contribute to the observed functional results [5, 27].
Furthermore, it is unknown whether the RTIN participants
will develop more severe forms of tinnitus or habituate to
the percept which would be elucidated in a longitudinal
study. Nevertheless, this study serves as a baseline for future
studies to build upon to better understand how tinnitus may
alter brain response patterns and functional connectivity over
time. Additionally, the inclusion of more recent question-
naires such as the Tinnitus Functional Index [41] or Tinnitus
Primary Functional Questionnaire [42] may allow for more
robust measurements of distress such as subscores including
sleep impairments and depression levels. Another caveat is
that some types of long-term neural plasticity result in severe
forms of tinnitus. Here we have only consideredmild tinnitus
of long duration; it is likely that persistent severe tinnitus
may result in different patterns of activation and functional
connectivity.

6. Conclusion

We found evidence for differences in neural correlates
between RTIN and LTIN individuals suggesting that the

limbic systemmay play a role in an initial emotional response
to tinnitus, whereas frontal regions anddefaultmodenetwork
alterations may be involved in habituation to tinnitus. In
support of this model, we found increased activation in the
posterior cingulate and insula in theRTINgroup compared to
the LTIN group during the emotion task. Further supporting
this model, the LTIN group showed heightened response
in the frontal regions compared to RTIN participants and
increased correlations between the default mode network
and the precuneus in RTIN compared to LTIN, suggesting
that decreased coherence of the network is associated with
tinnitus habituation. Increased response in the frontal regions
may be employed by those with persistent chronic tinnitus
to better control their emotional response and facilitate
habituation to tinnitus.
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Herwig, “Neural correlates of tinnitus related distress: an fMRI-
study,” Hearing Research, vol. 295, pp. 87–99, 2013.

[13] H. Burton, A. Wineland, M. Bhattacharya, J. Nicklaus, K. S.
Garcia, and J. F. Piccirillo, “Altered networks in bothersome
tinnitus: a functional connectivity study,” BMC Neuroscience,
vol. 13, no. 1, article 3, 2012.

[14] S. Vanneste, M. Plazier, E. V. der Loo, P. V. de Heyning, M.
Congedo, and D. De Ridder, “The neural correlates of tinnitus-
related distress,” NeuroImage, vol. 52, no. 2, pp. 470–480, 2010.

[15] P. St. Jacques, F. Dolcos, and R. Cabeza, “Effects of aging
on functional connectivity of the amygdala during negative
evaluation: a network analysis of fMRI data,” Neurobiology of
Aging, vol. 31, no. 2, pp. 315–327, 2010.

[16] A. Maudoux, P. Lefebvre, J.-E. Cabay et al., “Connectivity graph
analysis of the auditory resting state network in tinnitus,” Brain
Research, vol. 1485, pp. 10–21, 2012.

[17] A. Maudoux, P. Lefebvre, J.-E. Cabay et al., “Auditory resting-
state network connectivity in tinnitus: a functional MRI study,”
PLoS ONE, vol. 7, no. 5, Article ID e36222, 2012.

[18] T. Ueyama, T. Donishi, S. Ukai et al., “Brain regions responsible
for tinnitus distress and loudness: a resting-state FMRI study,”
PLoS ONE, vol. 8, no. 6, Article ID e67778, 2013.

[19] Y.-C. Chen, J. Zhang, X.-W. Li et al., “Aberrant spontaneous
brain activity in chronic tinnitus patients revealed by resting-
state functionalMRI,”NeuroImage: Clinical, vol. 6, pp. 222–228,
2014.

[20] C. W. Newman, S. A. Sandridge, and G. P. Jacobson, “Psycho-
metric adequacy of the Tinnitus Handicap Inventory (THI)
for evaluating treatment outcome,” Journal of the American
Academy of Audiology, vol. 9, no. 2, pp. 153–160, 1998.

[21] T. Fydrich, D. Dowdall, and D. L. Chambless, “Reliability
and validity of the beck anxiety inventory,” Journal of Anxiety
Disorders, vol. 6, no. 1, pp. 55–61, 1992.

[22] A. T. Beck and R. A. Steer, “Internal consistencies of the original
and revised Beck Depression Inventory,” Journal of Clinical
Psychology, vol. 40, no. 6, pp. 1365–1367, 1984.

[23] R. A. Steer, R. Ball, W. F. Ranieri, and A. T. Beck, “Fur-
ther evidence for the construct validity of the Beck Depres-
sion Inventory-II with psychiatric outpatients,” Psychological
Reports, vol. 80, no. 2, pp. 443–446, 1997.

[24] R. A. Steer, W. F. Ranieri, A. T. Beck, and D. A. Clark, “Further
evidence for the validity of the beck anxiety inventory with
psychiatric outpatients,” Journal of Anxiety Disorders, vol. 7, no.
3, pp. 195–205, 1993.

[25] A. T. Beck and R. A. Steer, Manual for the Beck Anxiety
Inventory, Psychological Corporation, San Antonio, Tex, USA,
1990.

[26] M. M. Bradley and P. J. Lang, “The international affective
digitized sounds (IADS-2): affective ratings of sounds and
instruction manual,” Tech. Rep. B-3, University of Florida,
Gainesville, Fla, USA, 2007.

[27] F. T.Husain, J. R. Carpenter-Thompson, and S. A. Schmidt, “The
effect of mild-to-moderate hearing loss on auditory and emo-
tion processing networks,” Frontiers in Systems Neuroscience,
vol. 8, article 10, 2014.

[28] F. T. Husain, N. M. Pajor, J. F. Smith et al., “Discrimination
task reveals differences in neural bases of tinnitus and hearing
impairment,” PLoS ONE, vol. 6, no. 10, Article ID e26639, 2011.

[29] D. A. Hall, M. P. Haggard, M. A. Akeroyd et al., “‘Sparse’
temporal sampling in auditory fMRI,” Human Brain Mapping,
vol. 7, no. 3, pp. 213–223, 1999.

[30] N. Gaab, C. Gaser, T. Zaehle, L. Jancke, and G. Schlaug,
“Functional anatomy of pitch memory—an fMRI study with
sparse temporal sampling,” NeuroImage, vol. 19, no. 4, pp. 1417–
1426, 2003.

[31] X. Zhang, P. Yang, Y. Cao, L. Qin, and Y. Sato, “Salicylate
induced neural changes in the primary auditory cortex of awake
cats,” Neuroscience, vol. 172, pp. 232–245, 2011.

[32] P. J. Jastreboff and C. T. Sasaki, “Salicylate-induced changes in
spontaneous activity of single units in the inferior colliculus of
the guinea pig,”The Journal of the Acoustical Society of America,
vol. 80, no. 5, pp. 1384–1391, 1986.

[33] J. R. Melcher, R. A. Levine, C. Bergevin, and B. Norris, “The
auditory midbrain of people with tinnitus: abnormal sound-
evoked activity revisited,”Hearing Research, vol. 257, no. 1-2, pp.
63–74, 2009.

[34] M. Smits, S. Kovacs, D. de Ridder, R. R. Peeters, P. van
Hecke, and S. Sunaert, “Lateralization of functional magnetic
resonance imaging (fMRI) activation in the auditory pathway
of patients with lateralized tinnitus,”Neuroradiology, vol. 49, no.
8, pp. 669–679, 2007.

[35] S. Whitfield-Gabrieli and A. Nieto-Castanon, “Conn: a func-
tional connectivity toolbox for correlated and anticorrelated
brain networks,” Brain Connectivity, vol. 2, no. 3, pp. 125–141,
2012.

[36] M. Brett, J. L. Anton, R. Valabregue, and J. B. Poline, “Region
of interest analysis using the MarsBar toolbox for SPM 99,”
NeuroImage, vol. 16, no. 2, p. S497, 2002.

[37] F. Mirz, C. B. Pedersen, K. Ishizu et al., “Positron emission
tomography of cortical centers of tinnitus,” Hearing Research,
vol. 134, no. 1-2, pp. 133–144, 1999.

[38] B. A. Vogt, D. M. Finch, and C. R. Olson, “Functional hetero-
geneity in cingulate cortex: the anterior executive and posterior
evaluative regions,” Cerebral Cortex, vol. 2, no. 6, pp. 435–443,
1992.

[39] C. Plewnia, M. Reimold, A. Najib, G. Reischl, S. K. Plontke, and
C. Gerloff, “Moderate therapeutic efficacy of positron emission
tomography-navigated repetitive transcranial magnetic stim-
ulation for chronic tinnitus: a randomised, controlled pilot
study,” Journal of Neurology, Neurosurgery & Psychiatry, vol. 78,
no. 2, pp. 152–156, 2007.



Neural Plasticity 11

[40] D. De Ridder, A. B. Elgoyhen, R. Romo, and B. Langguth,
“Phantom percepts: tinnitus and pain as persisting aversive
memory networks,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 108, no. 20, pp.
8075–8080, 2011.

[41] M. B. Meikle, J. A. Henry, S. E. Griest et al., “The tinnitus
functional index: development of a new clinical measure for
chronic, intrusive tinnitus,” Ear and Hearing, vol. 33, no. 2, pp.
153–176, 2012.

[42] R. Tyler, H. Ji, A. Perreau, S. Witt, W. Noble, and C. Coelho,
“Development and validation of the tinnitus primary function
questionnaire,”American Journal of Audiology, vol. 23, no. 3, pp.
260–272, 2014.


