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Intrinsic Network Activity in Tinnitus
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Abstract: Tinnitus is an increasingly common disorder in which patients experience phantom auditory
sensations, usually ringing or buzzing in the ear. Tinnitus pathophysiology has been repeatedly shown to
involve both auditory and non-auditory brain structures, making network-level studies of tinnitus critical.
In this magnetic resonance imaging (MRI) study, two resting-state functional connectivity (RSFC)
approaches were used to better understand functional network disturbances in tinnitus. First, we
demonstrated tinnitus-related reductions in RSFC between specific brain regions and resting-state networks
(RSNs), defined by independent components analysis (ICA) and chosen for their overlap with structures
known to be affected in tinnitus. Then, we restricted ICA to data from tinnitus patients, and identified one
RSN not apparent in control data. This tinnitus RSN included auditory—sensory regions like inferior colli-
culus and medial Heschl’s gyrus, as well as classically non-auditory regions like the mediodorsal nucleus
of the thalamus, striatum, lateral prefrontal, and orbitofrontal cortex. Notably, patients” reported tinnitus
loudness was positively correlated with RSFC between the mediodorsal nucleus and the tinnitus RSN,
indicating that this network may underlie the auditory—sensory experience of tinnitus. These data support
the idea that tinnitus involves network dysfunction, and further stress the importance of communication
between auditory-sensory and fronto-striatal circuits in tinnitus pathophysiology. Hum Brain Mapp

37:2717-2735, 2016.
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INTRODUCTION

Tinnitus is an auditory disorder characterized by ringing
or buzzing that is perceived in the absence of an external
sound source [Eggermont and Roberts, 2004; Meller, 2003].
Already, roughly 40 million people in the United States
suffer from the disorder [Henry et al., 2005], and this num-
ber is expected to rise, as factors commonly associated
with tinnitus (e.g., age-related and noise-induced hearing
loss) also rise. Despite the prevalence of this disorder, tin-
nitus pathophysiology remains poorly understood. A large
body of evidence has revealed that tinnitus is associated
with changes in the auditory system, including functional
and anatomical changes at one or more sites along periph-
eral or central auditory pathways [Eggermont and Roberts,
2004; Engineer et al., 2011; Gu et al., 2010; Jastreboff, 1990].
In addition, several studies have found tinnitus-related dif-
ferences in non-auditory brain areas, notably, in structures
constituting part of the limbic system [Eichhammer et al.,
2007; Leaver et al., 2011, 2012; Lockwood et al., 1998; Mirz
et al., 2000; Muhlau et al., 2006; Seydell-Greenwald et al.,
2012; Shulman, 1995]. These data have spurred several
models of tinnitus proposing significant roles for non-
auditory brain regions in tinnitus pathophysiology [De
Ridder et al., 2011a; Jastreboff, 1990, Miihlau et al., 2006;
Rauschecker et al.,, 2010; Shulman et al.,, 2009; Vanneste
and De Ridder, 2012]. Although the details of these mod-
els may differ, there does seem to be a consensus that
chronic tinnitus involves deficits at the network level,
rather than in a single structure. Thus, there is a need for
studies measuring brain function at the network level in
tinnitus.

Cross-sectional comparisons of intrinsic, or “resting-
state,” function are a common way of assessing how vari-
ous disorders affect brain networks [Damoiseaux et al.,
2012; Greicius et al.,, 2007; Raichle et al.,, 2001]. In these
studies, brain activity is measured while volunteers rest
and do not perform an experimental task [Power et al.,
2010; Smith et al., 2009]. In this context, investigators can
potentially capture brain activity related to the tinnitus
percept itself, because patients’ sensory-perceptual experi-
ence “at rest” (i.e., the tinnitus percept and its possible
consequences) is quite different from that of control volun-
teers who do not experience tinnitus. Thus, resting-state
functional connectivity (RSFC) research could improve
upon task-based functional neuroimaging studies of tinni-
tus, which are restricted to making inferences regarding
tinnitus-related activity with brain responses to experi-
mentally presented sounds [Gu et al., 2010; Leaver et al.,
2011; Melcher et al., 2000, 2009; Seydell-Greenwald et al.,
2012].

Despite the obvious relevance of RSFC research to tinni-
tus, no clear picture of the networks affected has yet
emerged. Resting-state fMRI, EEG, and MEG studies have
identified altered function in several parts of the brain,
including in auditory cortex [Burton et al, 2012; Kim
et al, 2012; Maudoux et al.,, 2012a,b; Vanneste et al.,

2011a,b], basal ganglia [Maudoux et al., 2012b], prefrontal
cortex [Kim et al., 2012; Maudoux et al.,, 2012b; Schlee
et al, 2009], parahippocampal regions [Maudoux et al.,
2012a,b; Schmidt et al., 2013; Vanneste et al., 2011a], and
insula [Burton et al.,, 2012; Vanneste et al., 2011b]. How-
ever, these results have been variable (e.g., see Husain and
Schmidt [2014] for review), and other studies have found
no differences in network processing between tinnitus
patients and controls [Davies et al., 2014; Wineland et al.,
2012]. For the corpus of resting-state EEG and MEG stud-
ies (for a review, see Vanneste and De Ridder [2012]), lim-
ited spatial resolution may have contributed to the
observed variability, particularly in midline cortical and
subcortical structures. In the resting-state fMRI literature,
inconsistencies may stem from methodological differences;
some studies used seed-based techniques to define net-
works of interest [Burton et al.,, 2012; Kim et al., 2012;
Schmidt et al.,, 2013; Wineland et al.,, 2012], while others
used independent component analysis (ICA) to define
resting-state networks (RSNs, [Allen et al., 2011; Damoi-
seaux et al., 2006; Laird et al., 2011; Smith et al., 2009]) for
comparison between tinnitus patients and controls [Davies
et al., 2014; Maudoux et al., 2012a,b]. In nearly all studies,
a-priori assumptions were made regarding what regions
and RSNs were of interest to tinnitus. This high degree of
variability underscores the need for further RSFC research.

In the current study, we implemented a comprehensive,
data-driven approach using ICA to measure tinnitus-
related disruptions in resting-state fMRI data. We acquired
these data in patients with chronic tinnitus (7 =21) and in
healthy controls (1 =19) matched for demographics (Table
I) and mean hearing loss (Table 1 and Supporting Informa-
tion Fig. S1). We had two main goals. First, we compared
RSFC patterns in “typical” RSNs that have been well-
characterized in previous resting-state fMRI studies using
ICA [Allen et al.,, 2011; Damoiseaux et al., 2006; Laird
et al.,, 2011; Smith et al., 2009] and that overlapped with
brain regions previously associated with tinnitus. Second,
because patients experienced tinnitus during fMRI scans
while controls did not, we also searched for possible
“atypical” RSNs specific to tinnitus patients that may bet-
ter reflect tinnitus circuitry than “typical” RSNs. In both
analyses, we measured the extent to which tinnitus-related
effects of RSFC could be explained by hearing loss and/or
behavioral symptoms of tinnitus (specifically, loudness
and distress). In this way, we sought to further a network-
level understanding of tinnitus pathophysiology.

MATERIALS AND METHODS
Participants

Forty volunteers (21 tinnitus patients, 19 controls) gave
informed consent to participate in this study according to
procedures of the Institutional Review Board at George-
town University and the Code of Ethics of the World
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TABLE I. Participant characteristics

HL, Tinnitus

Age mean LDL, 1kHz TF Pre-scan  Postscan onset Tinnitus
Participant Sex (years) (dB HL) (dB HL)* GAD-7 (Hz) THI loudness loudness (years ago) ear
Patient 1 f 57 46.25 78 2 8,484 8 5 6 5.00 Bilateral
Patient 2 f 56 30.54 94 7 1,605 12 1 7 7.00 Bilateral
Patient 3 f 66 34.58 77 3 5,297 38 1 3.5 1.00 R
Patient 4 f 28 17.33 80 3 1,894 32 4 3 1.50 L
Patient 5 f 60 48.27 >100 45 5,000 34 7 8 10.50 Bilateral
Patient 6 m 65 43.21 96 3 5,946 14 3 3 0.75 Bilateral
Patient 7 m 65 38.96 84 3 4,413 40 5 7 25.00 Bilateral
Patient 8 m 64 33.75 88 1 1,388 12 5 6 4.00 Bilateral
Patient 9 m 62 49.04 >100 2 819 20 3 4 5.00 Bilateral
Patient 10 f 33 717 85 6 1,214 18 7 9 5.00 Bilateral
Patient 11 m 45 33.04 88 0 726 2 4 4 0.33 Bilateral
Patient 12 f 48 36.07 >100 2 10,617 14 2 5 2.00 Bilateral
Patient 13 m 34 14.67 >100 8 7,681 20 1 4 22.00 Bilateral
Patient 14 f 38 52.32 88 11 3,929 88 8 7 1.25 Bilateral
Patient 15 f 49 32.86 85 17 2,630 70 5 9 1.16 L
Patient 16 f 47 29.17 91 6 1,644 28 2 5 21.50 Bilateral
Patient 17 m 43 40.36 97 2 8,044 30 3 7 7.00 Bilateral
Patient 18 f 32 16.96 91 0 2,802 37 3 2 16.50 R
Patient 19 m 42 21.17 84 2 4,410 14 2 4 4.00 Bilateral
Patient 20 m 37 14.33 88 7 6,243 50 4 6 11.00 L
Patient 21 m 23 13.17 98 0 3,177 0 3 4 3.00 Bilateral
Control 1 m 56 36.73 >100 1.5
Control 2 f 58 40.54 98 2
Control 3 f 66 45.63 88 0
Control 4 f 29 3.75 na 0
Control 5 m 61 26.00 >100 0
Control 6 m 67 32.17 >100 0
Control 7 m 57 31.07 80 2
Control 8 f 64 30.00 95 13
Control 9 f 41 5.00 na 2
Control 10 m 50 32.31 >100 3
Control 11 f 53 23.75 87 1
Control 12 m 34 13.50 76 5
Control 13 f 42 19.00 >100 1
Control 14 f 49 25.89 >100 2
Control 15 f 53 22.68 96 0
Control 16 m 46 19.64 >100 7
Control 17 f 30 13.39 89 4
Control 18 m 46 25.96 97 0
Control 19 m 27 4.50 >100 5
Patients, mean ~ 11f,10m  47.33 31.11 90.05 4.26 4,188.71 27.67 3.71 5.40 7.36
Patients, SD n/a 13.47 13.38 7.49 4.12 2,828.64 21.70 2.00 2.01 7.63
Controls, mean ~ 10f,9m 48.89 23.76 94.44 2.55
Controls, SD n/a 12.49 11.91 7.71 3.24
P-value® 1.00 0.71 0.08 0.08 0.16 0.0004

Abbreviations: HL, hearing level; LDL, loudness discomfort level; GAD-7, generalized anxiety disorder scale; TF, tinnitus frequency;
THI, tinnitus handicap inventory; n/a, not applicable; na, not acquired.

“LDL tests were typically aborted by the audiologist at 100 dB HL.

PChi-squared tests compared gender distributions between groups; unpaired t-tests compared groups on other measures. Pre- and post-
scan loudness scores were compared with paired t-tests.

Medical Association (Declaration of Helsinki). Participants =~ Georgetown University Hospital, as well as with advertise-
were recruited using flyers posted on the campuses of ments in local newspapers. Patient and control participants
Georgetown University Medical Center and MedStar were matched by age and sex, and standard MRI safety
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considerations were used as exclusion criteria. In total, 24
patients and 21 controls participated in behavioral and
MRI sessions; however, three patients and two controls
were excluded from analyses due to motion and/or poor
image quality and are not discussed here. Detailed charac-
teristics of the final cohorts can be found in Table I. Other
MRI data from this same cohort have been presented pre-
viously [Leaver et al., 2012; Seydell-Greenwald et al., 2012,
2014]; differences in sample size are due to different qual-
ity control measures implemented for different MRI
modalities.

Audiometry

Audiometric testing assessed pure-tone thresholds in
all participants at the Division of Audiology at George-
town University. Frequencies ranging from 250 Hz to
20 kHz were presented to each ear until detection
thresholds were reached. Table I lists mean hearing lev-
els for each volunteer (calculated using all test frequen-
cies), and Supporting Information Figure S1 displays
hearing levels for each group averaged across ears at
each test frequency. Tinnitus patients had experienced
tinnitus for at least four months [mean (SD)=7.4 (7.6)
years]. Loudness discomfort levels (LDL) were assessed
using 1-kHz pure tones presented at increasing ampli-
tudes until the subject indicated discomfort, or once the
amplitude reached 100 dB HL. LDLs are listed in Table
I. Neither according to this quantitative measure, nor in
response to questions about noise sensitivity on the Tin-
nitus Sample Case History Questionnaire (TSCHQ,
[Langguth et al., 2007]), did any of the participants clas-
sify as suffering from hyperacusis or phonophobia. In-
house MATLAB (The MathWorks, Inc.) scripts allowed
patients to adjust the frequency, right-left balance, band-
width, and intensity of a test tone to match their tinni-
tus; best frequency-match to dominant tinnitus pitch
was high [mean (SD)=4,189 (2,829) Hz], and most
reported bilateral tinnitus (n = 16).

Behavioral Assessments

Participants completed a brief battery of questionnaires.
Among these were the Generalized Anxiety Disorder scale
(GAD-7), Hospital Anxiety and Depression Scale (HADS),
and Patient Health Questionnaire (PHQ-9), which assessed
symptoms of depression and anxiety. These measures
were intercorrelated for all subjects; thus, we report only
the GAD-7 anxiety metric in the current article. Tinnitus
patients also completed the Tinnitus Handicap Inventory
(THI) to measure tinnitus impact or distress [Newman
et al., 1996] and a questionnaire that assessed subjective
tinnitus loudness on a 10-point scale administered before
and after scanning. Behavioral measures are listed for each
volunteer in Table L

MRI Acquisition and Preprocessing

Images were acquired using a 3.0 Tesla Siemens TIM
Trio scanner with a 12-channel head coil. High-resolution
anatomical scans (MPRAGE) were acquired with the fol-
lowing parameters: TR =2,530 ms, TE = 3.5 ms, inversion
time = 1,100 ms, flip angle =7°, 176 sagittal slices, matrix
size 256 X 256 mm?2, 1 X 1 X 1 mm? resolution. The param-
eters for functional echo-planar images (EPIs) were: 200
volumes, TR=1500 ms, TE=30 ms, flip angle=90°,
FOV =192 mm, 64 X 64 matrix, 28 transverse slices of
3.5 mm thickness, resulting in functional voxels of 3 X 3 X
3.5 mm’. Two additional EPI volumes were acquired and
discarded prior to the EPI scan to accommodate T1 stabili-
zation. To reduce signal loss due to susceptibility artifacts
in orbitofrontal cortex, EPI slices were rotated 30° clockwise
from the ACPC plane [Deichmann et al., 2003; Weiskopf
et al., 2006]. MR images were preprocessed using BrainVoy-
ager QX (Brain Innovation, Inc.). Functional images were
corrected for slice acquisition time, motion and linear trend,
and smoothed with a 6-mm isotropic Gaussian kernel
(measured at full width half maximum, FWHM). Because
ICA identifies sources of temporal noise that are spatially
consistent (e.g., due to motion and vasculature; [Perlbarg
et al., 2007; Salimi-Khorshidi et al., 2014]), additional tem-
poral filtering was not applied. Functional and anatomical
images were aligned and normalized [Talairach and Tour-
noux, 1988] using a linear transformation. During normal-
ization, functional images were interpolated to 3 X 3 X 3
mm?® resolution. Slice rotation during acquisition limited
the field of view in superior—posterior cortex in some vol-
unteers (mostly excluding superior parietal cortex); there-
fore, statistical analyses were performed only using those
voxels that overlapped with the normalized brains of all
participants (Supporting Information Fig. 52).

Independent Component Analysis (ICA)

Group connectivity analyses were performed using ICA
implemented in BrainVoyager QX, and three concatenated
[Calhoun et al., 2001; Erhardt et al., 2011; Filippini et al.,
2009] data sets were analyzed: (1) patients and controls to
identify and compare typical networks common to both
groups, (2) tinnitus patients only to identify networks
unique to the tinnitus disorder, and (3) controls only for
comparison with the networks identified in the tinnitus-
only analysis. In all three cases, ICA was applied using
the same protocol, which is illustrated in Supporting Infor-
mation Figure S3. First, single-subject images were tempo-
rally z-normalized, concatenated in Matlab with the
NeuroElf toolbox (www.neuroelf.net), and analyzed with
BrainVoyager’s ICA plugin [Formisano et al., 2004], which
implemented the FastICA algorithm [Hyvarinen, 1999]
with a deflation approach, tanh nonlinearity function, and
25 eigenvalues (and thus 25 components). Twenty-five was
chosen as the target number of independent components
(ICs) in line with previous work [Greicius et al., 2007]. In
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this approach, the temporal dimensionality of concaten-
ated data was first reduced using principal components
analysis (PCA), and then ICA was used to identify ICs.

The stochastic nature of data-fitting in ICA [Hyvarinen,
1999] is such that the ICA algorithm may define ICs differ-
ently each time it is applied to the same dataset. For exam-
ple, a given IC may be present or absent, may be split into
multiple ICs, or combined with other ICs, across repeated
ICA on the same dataset [Allen et al.,, 2011; Damoiseaux
et al., 2006; Laird et al.,, 2011; Smith et al.,, 2009; Uddin
et al.,, 2009]. Thus, we ran ICA ten times for each of the
three concatenated datasets (listed above) and, for all subse-
quent analyses, we targeted RSNs that were present in at
least 7 out of 10 iterations of ICA. ICs were matched and
sorted into “IC-aggregates” based on the similarity of their
power spectra using hierarchical clustering in Matlab’s Sta-
tistics Toolbox. Hierarchical clustering was chosen because
we did not necessarily expect a given IC to be present or
“intact” each time ICA was applied to the data [Hyvarinen,
1999]. Power spectra were used to obviate the need to
match signed (positive or negative) relationships between
ICs during clustering. First, pairwise similarities in IC-
timecourse power spectra were computed using Pearson’s
correlation; then, average Euclidean distance measured the
hierarchical relationships between IC-timecourse power
spectra; and finally ICs were clustered at r>0.90 (Support-
ing Information Fig. S4). The criterion r>0.90 was chosen
because it maximized the number of IC-aggregates contain-
ing at least 7 ICs. (Note that two IC-aggregates consisted of
11 ICs; these contained two ICs from the same iteration.) IC
spatial maps were examined to confirm spatial overlap,
matched for sign, and converted to a single binarized IC-
aggregate map that reflected whether each voxel was func-
tionally correlated with that network (z>2.81, P <0.005) in
at least 7 of 10 ICA iterations. IC-aggregate maps are shown
in Supporting Information Figure S5.

IC-timecourses corresponding to each IC-aggregate were
also averaged for use in region-of-interest (ROI) analyses
and group comparisons using the GLM as described fur-
ther below. Partial correlation analyses estimated the var-
iance explained by each IC-aggregate timecourse, after
removing variance associated with all other IC-aggregate
timecourses and subjects. In Supporting Information Fig-
ure S5, we report partial correlation values for each IC-
aggregate, averaged across all voxels in the brain. Power
spectra for averaged IC-timecourses can be found in Sup-
porting Information Figure S6. Thus, each IC-aggregate
reflects a specific functional RSN, differentiable from other
functional networks, and consistent across ICA iterations.
Throughout the main manuscript, we refer to these IC-
aggregate networks simply as RSNs.

Statistical Analyses of Typical RSNs

To test for group differences in well-characterized RSNs
common to both groups [see e.g., Allen et al, 2011;

Damoiseaux et al., 2006; Laird et al., 2011, Smith et al.,
2009], we performed direct statistical comparisons of RSNs
defined using the concatenated dataset comprising all par-
ticipants. RSN timecourses were separated for each sub-
ject, and used as regressors in a random-effects GLM
including all RSNs and all subjects. To attempt to reduce
the probability of Type I error, only RSNs that included
regions previously implicated in tinnitus were targeted for
comparisons between groups (t-tests). These included net-
works overlapping with the auditory system [Gu et al,
2010; Leaver et al.,, 2011; Melcher et al., 2000, 2009;
Seydell-Greenwald et al., 2012, 2014], ventromedial pre-
frontal and anterior cingulate cortex [Boyen et al., 2013;
Leaver et al., 2011, 2012; Seydell-Greenwald et al., 2012]),
striatum [Cheung and Larson, 2010; Leaver et al.,, 2011;
Maudoux et al.,, 2012b], thalamus [Miihlau et al., 2006],
and posterior cingulate cortex (part of the default mode
network with medial prefrontal and anterior cingulate cor-
tex [Maudoux et al., 2012a]). A single-voxel threshold was
set at Pyncorr < 0.0005, with a cluster correction for family-
wise error using random field theory [P.o, <0.05, k>12;
Poline et al., 1997]. In clusters resulting from these
between-groups t-tests, ROI analyses were also performed
to measure correlations between network connectivity val-
ues and: (1) pre-MRI tinnitus loudness, (2) post-MRI tinni-
tus loudness, (3) tinnitus distress (with THI values), (4)
mean hearing loss, and (5) anxiety (with GAD-7 values).
Correlations were considered significant at r= *0.549,
P <0.01, Bonferroni-corrected for the five tests performed
in each RSN and group.

Statistical Analyses of Atypical RSNs

RSN (i.e., IC-aggregates as described above) were iden-
tified using ICA separately for tinnitus patients and con-
trols to distinguish RSNs common to both groups and
unique to either group. The spatial similarity of these
RSNs was then compared to identify functional networks
common to both groups and networks unique to either
group. RSNs were compared using spatial cross-
correlation and hierarchical clustering in Matlab. Spatial
(vs. spectral/temporal) relationships were used for this
analysis because we were most interested in brain-regional
differences between groups (as opposed to spectral/tem-
poral differences). First, maps where the majority of
thresholded voxels did not overlap with gray matter were
removed, yielding 15 IC maps per group. Then,
the remaining maps were imported into Matlab using
NeuroElf, and spatial similarity was computed for each
pair of maps using Pearson’s r. Cluster analysis was per-
formed using Matlab’s Statistics Toolbox, with average
Euclidean distance determining the hierarchical relation-
ships between maps. A threshold of r>0.03 was chosen to
group spatially similar networks for easy visualization in a
dendrogram and figures, and is not meant to indicate stat-
istically meaningful groupings.
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RSN maps with limited spatial similarity to other RSNs
were deemed atypical and potentially unique (max pair-
wise correlations r<0.10, mean pairwise correlation
r<0.001); a single atypical network identified in tinnitus
patients was targeted for further analysis. To extract val-
ues for ROI analyses, RSN timecourses were first sepa-
rated for each subject, and these timecourses were used as
regressors in a random-effects GLM analysis in tinnitus
patients. Resulting clusters represented regions of the
brain that were strongly correlated with the RSN time-
course and therefore reflected network connectivity values.
These clusters were subsequently defined as ROIs, and
mean connectivity values in each ROI were tested for cor-
relations with behavioral variables, including: (1) pre-MRI
tinnitus loudness, (2) post-MRI tinnitus loudness, (3) tinni-
tus distress (with THI values), (4) mean hearing loss, and
(5) anxiety (with GAD-7 values). Again, correlations were
considered significant at r = *=0.549, P <0.01, Bonferroni-
corrected for the five tests performed in each network.

Exploratory Analyses of Potential Atypical RSNs

In potentially atypical RSNs identified only in tinnitus
patients, we performed exploratory connectivity analyses
using the “raw” intrinsic fMRI signal from regions com-
posing these networks (i.e., preprocessed timecourses not
derived from ICA). In this way, we were able to compare
functional connectivity of the regions in these tinnitus-
unique networks between both tinnitus patients and con-
trols. Note, however, that this analysis captures a different
aspect of functional connectivity than ICA; while ICA
measures temporal coherence between regions and RSNs
with temporal variability associated with other RSNs and
ICs removed, this ROI-ROI analysis measures temporal
coherence between ROIs with removal of relatively fewer
sources of temporal variability. Specifically, we: (1) calcu-
lated the mean fMRI timecourse for each ROI in the net-
work (averaged across ROI voxels), (2) denoised the mean
timecourses by removing variability associated with
motion parameters, white matter, and CSF signal (i.e., by
taking the residuals from linear regression analyses per-
formed on each ROI timecourse with these noise time-
courses as regressors), and (3) performed -correlation
analyses on each pair of ROIs. Motion displacement was
estimated during image preprocessing (above), and white
matter and ventricle signal were estimated for each subject
by extracting the mean signal from four ROIs placed in
white matter and lateral ventricles, respectively. For white
matter, ROIs were cubes, 343 mm?® in volume, with center
Talairach coordinates (X,Y,Z): 22, 24, 22 and =22, 38, 30.
For ventricles, ROIs were cubes, 125 mm? in volume, with
center coordinates (X,Y,Z): =21, —39, 12; 1, 6, 15; 1, —4,
18. Although many debate the proper procedures for
denoising fMRI timecourses for these types of analyses
[Hallquist et al., 2013; Power et al., 2012; Satterthwaite
et al., 2013], the approach we describe is compatible with

current recommendations made by major analysis pack-
ages. ROI-ROI connections were calculated using Pear-
son’s r, and transformed to Fisher's Z for subsequent
analyses. First, one-sample t-tests identified ROI pairs
exhibiting connectivity greater than zero for each group.
Then, an ANCOVA (group X mean hearing loss) was per-
formed for each ROI pair to determine whether connectiv-
ity differed between groups, and whether RSFC was
influenced by hearing loss. Finally, correlations between
ROI-ROI relationships and behavioral variables were cal-
culated for tinnitus patients using Pearson’s r. We
restricted these analyses to three variables to reduce the
number of tests performed (and the potential for false pos-
itive results): post-MRI tinnitus loudness ratings, THI
scores, and GAD scores. We chose post-MRI tinnitus loud-
ness over pre-scan scores in these analyses to reduce the
number of tests, and because it was more likely to be rep-
resentative of patients’ experiences during MRI, as it also
reflects any effects that scanner noise may have had on
tinnitus percepts.

Additional Methodological Considerations
Regarding ICA

In ICA, the temporal “concatenative” method is a com-
mon way to identify intrinsic functional networks in groups
of subjects [Calhoun et al.,, 2001; Erhardt et al.,, 2011; Fili-
ppini et al, 2009]. In this approach, an initial data-
reduction step (using PCA) is performed prior to ICA. Soft-
ware packages like GIFT (http://icatb.sourceforget.net) or
FSL-MELODIC  (http://www.fMRIb.ox.ac.uk/fsl/) apply
data reduction twice prior to ICA: first to each subject, and
then to the concatenated (already reduced) group data
[Erhardt et al., 2011]. Subject-level data reduction, in partic-
ular, is typically done to reduce computational demands
and to aid denoising [Calhoun et al., 2001; Erhardt et al,,
2011]. Our approach differed slightly from these, in that
Brainvoyager’s ICA Plugin performed the initial data-
reduction step only once using the entire temporally con-
catenated dataset, and therefore did not include data reduc-
tion on single-subject data. Our data suggest that this latter
step is not strictly necessary to identify RSNss.

RESULTS

Demographic, Audiometric, and Behavioral
Measures

Patients and controls did not differ in age or sex.
Although patients tended to have greater mean hearing
loss, loudness discomfort levels, and symptoms of anxiety,
these differences were not significant. In patients, tinnitus
loudness increased on average, when measured immedi-
ately before and after the MRI scan [t(20) = —4.29,
P =0.0004]; however, not all patients reported increased
loudness. Detailed information can be found in Table I.
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Figure I.

Comparing typical RSNs in tinnitus patients and controls. (A)
Five typical RSNs were targeted for statistical analysis between
groups (t-test; Pyncorr < 0.0005, k> 3), including an auditory—
somatomotor RSN, anterior and posterior default-mode net-
works (DMN), an RSN covering orbitofrontal and subgenual
anterior cingulate cortex (OF/sgACC RSN), and a basal ganglia
network emphasizing the caudate nucleus (BG/Cd RSN). Yellow
and red colors indicate opposing relationships with each RSN. (B)
Three RSNs demonstrated statistical differences between
groups, and the resulting maps are displayed for each of these

RSNs (orange). Tinnitus-related reductions in resting-state func-
tional connectivity (RSFC) were noted in the mediodorsal nucleus
of the thalamus (MDN), anterior parahippocampal gyrus (PHG),
caudate/putamen (Cd/Pu), posterior cingulate cortex (PCC) and
medal occipital cortex (MOC). (C) RSFC values (beta weights)
are plotted for each cluster with respect to its RSN for controls
(gray) and tinnitus patients (red). Error bars indicate standard
error of mean. All maps in all figures are displayed on group-
averaged anatomical scans in neurological convention (i.e., right
hemisphere is located on the right-hand side of the image).
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TABLE Il. Talairach coordinates of analysis results

Talairach center

of gravity Volume

Statistical analysis Region X Y Z (mm®)
Patients vs. controls, RSN: Posterior DMN Caudate/putamen 15 14 4 297
Posterior cingulate cortex -9 —49 7 270
Medial occipital cortex -9 —49 7 81
Patients vs. Controls, RSN Anterior DMN Parahippocampal region =15 =10 =20 81
Patients vs. Controls, RSN: Auditory Right mediodorsal nucleus 9 —-16 19 81
Tinnitus-only, RSN: Tinnitus Network Right orbitofrontal cortex 24 38 7 675
Left orbitofrontal cortex —24 —50 1 621
Right rostromedial Heschl’s gyrus 42 —-16 13 540
Right mediodorsal nucleus 12 —22 16 432
Right caudomedial Heschl’s gyrus 45 —28 16 405
Right lateral prefrontal cortex 51 5 31 297
Left putamen —21 5 13 270
Right inferior colliculus 6 —34 -5 189

Abbreviations: RSN, resting-state network; DMN, default-mode network; ICA, independent component analysis.

Comparing Typical RSNs

Five RSNs were targeted for statistical comparisons of
RSFC between tinnitus patients and controls due to their
overlap with regions implicated in previous tinnitus
research, including the auditory system [Gu et al., 2010;
Leaver et al., 2011; Melcher et al.,, 2000, 2009; Seydell-
Greenwald et al.,, 2012, 2014], ventromedial prefrontal and
anterior cingulate cortex [Boyen et al., 2013; Leaver et al.,
2011, 2012; Seydell-Greenwald et al., 2012], striatum
[Cheung and Larson, 2010; Leaver et al., 2011; Maudoux
et al., 2012b], thalamus [Mubhlau et al., 2006], and posterior
cingulate cortex (part of the default mode network with
medial prefrontal and anterior cingulate cortex [Maudoux
et al., 2012a]). These RSNs were defined using data from
both groups, and were spatially similar to typical RSNs
identified in previous research [Allen et al., 2011; Damoi-
seaux et al., 2006; Laird et al., 2011; Smith et al., 2009]. The
RSNs were: (1) an “auditory-somatomotor” network
including auditory and somatomotor cortices, (2) anterior
default-mode network (aDMN), (3) posterior default-mode
network (pDMN), (4) a network overlapping orbitofrontal
and subgenual anterior cingulate cortex, and (5) a basal-
ganglia network centered on the caudate (Fig. 1A).

No group differences were detected at corrected thresh-
olds; however, three RSNs exhibited moderate differences
between groups at uncorrected thresholds (single-voxel
threshold Pyncorr <0.0005, k>3; Fig. 1B,C). In tinnitus
patients, clusters in posterior cingulate cortex (PCC), cau-
date/putamen, and medial occipital cortex were less
strongly correlated with posterior DMN as compared with
controls. Tinnitus-related reductions in RSFC were also
identified between a cluster in the anterior parahippocam-
pal complex and the anterior DMN. In the auditory—soma-
tomotor network, a cluster in the mediodorsal nucleus of
the thalamus (also near the pulvinar nucleus) was less

strongly correlated with this network in tinnitus patients
as compared with controls. Coordinates for all clusters are
reported in Table II. In ROI analyses examining the rela-
tionships between RSFC in these clusters and tinnitus or
behavioral variables [tinnitus loudness scores, tinnitus dis-
tress (THI), mean hearing loss, and anxiety (GAD-7)], no
significant correlations were found.

Identifying Atypical RSNs

To identify networks that might be present in tinnitus
patients and not in controls or vice versa, patterns of
RSFC were also analyzed with separate ICAs for tinnitus
patients and controls. These analyses identified 15 inde-
pendent components each in tinnitus patients and control
participants where the majority of voxels coincided with
gray matter and likely reflected brain networks. Most of
these were similar to the typical RSNs previously identi-
fied in ICA literature [Allen et al., 2011; Damoiseaux et al.,
2006; Laird et al., 2011; Smith et al., 2009], and exhibited
spatial similarity between groups (Fig. 2; Supporting Infor-
mation Figs. 54,S5). Note that some “fracturing” and/or
“lumping” of RSNs is expected as demonstrated by previ-
ous studies (e.g., the medial prefrontal network is made
up of two networks in controls and one network in
patients; [Allen et al., 2011; Damoiseaux et al., 2006; Laird
et al., 2011; Smith et al., 2009; Uddin et al., 2009]).

One RSN identified with the tinnitus-only ICA was
singled out for further analysis due to its low spatial simi-
larity with other RSNs in tinnitus patients or controls
(RSN #25 in Fig. 2C; maximum similarity r=0.05; mean
similarity r = 0.007). Although a second network from the
tinnitus-only ICA also exhibited low spatial similarity with
other networks (RSN #30 in Fig. 2C; maximum similarity
r=0.10; mean similarity » = 0.0001), upon visual inspec-
tion this second network was similar to a network from
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Figure 2.

Spatial similarity of RSNs identified in tinnitus patients and con-
trols. RSNs were analyzed using hierarchical cluster analysis to
compare spatial similarity of networks identified using ICA sepa-
rately for each group. (A) A dendrogram of map relationships is
plotted, with spatial dissimilarity (I - Pearson’s r) on the y axis
and node-connections reflecting average Euclidean distance. Each
“leaf” node represents an RSN. (B) A heatmap of the pairwise
spatial cross-correlations between thresholded maps is displayed,
with warm colors marking high spatial similarity and cool colors
indicating low spatial similarity. The approximate anatomical
locations of these networks is described in white text. Numbers

displayed between panels A and B and black lines in B indicate
the subsequent Figures in which these maps are shown. (C) The
maximum or “best” pairwise spatial correlation value is plotted
for each map, with respect to all pairwise comparisons made for
each map (black line, left y-axis). Mean pairwise spatial correla-
tion values are also plotted for each map (blue dashed line, right
y-axis). Networks with particularly low values would be more
likely to be atypical and unique to either tinnitus patients or
controls. Letters and numbers between panels B and C mark
group (T, tinnitus patients; C, controls) and RSN index used in
Supporting Information Figure S5 for each column, respectively.
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Figure 3.

Atypical RSN in tinnitus patients. (A) An RSN was identified in
tinnitus patients that was dissimilar to RSNs in controls. This
network is displayed on group-averaged anatomy; red and yellow
depict opposing functional relationships (i.e., yellow regions are
positively correlated with the RSN-timecourse and red regions
are negatively correlated). Clusters overlap with parts of the
auditory system, including the inferior colliculus (IC) and two
clusters on medial Heschl’s gyrus (mHG). Other clusters are
located in mediodorsal nucleus of the thalamus (MDN), caudate/
putamen (Cd/Pu), right lateral prefrontal cortex (RPFC), and left
and right orbitofrontal cortex (LOFC and ROFC). The X and Z

the controls-only ICA (RSN #28, Supporting Information
Fig. S5E) and was therefore not targeted for further analy-
sis. The atypical tinnitus RSN is illustrated in Figure 3A. It
included the inferior colliculus, medial Heschl’s gyrus
near primary or “core” auditory cortex, mediodorsal
nucleus of the thalamus (also near the pulvinar nucleus),
putamen near the caudate nucleus, lateral prefrontal cortex
and orbitofrontal cortex. There were two clusters in medial
Heschl’s gyrus (mHG), one caudal and another rostral
extending into the insula (Table II). Two groups of clusters
showed opposing relationships to each other in this

Talairach planes are indicated for each slice. (B) Correlations
between behavioral variables and network-connectivity in these
clusters are displayed in a matrix, where orange marks positive
correlations and blue marks negative correlations. Significant
correlations are indicated in bold and italics (*Peo. < 0.05).
Effects for caudal and rostral mHG clusters were similar, and
were therefore analyzed together in this section (only). (C, D)
Scatterplots are shown for cases where behavioral variables pre-
dict resting-state functional connectivity (RSFC) between clus-
ters and the tinnitus network.

network: (1) inferior colliculus, caudal and rostral mHG,
mediodorsal nucleus, lateral prefrontal cortex and (2) cau-
date/putamen and bilateral orbitofrontal cortex.

ROI analyses measured the extent to which RSFC within
this atypical tinnitus RSN could be explained by behav-
ioral variables. Functional connectivity between the medio-
dorsal nucleus and this network was strongly correlated
with post-MRI ratings of tinnitus loudness (Po <0.05;
Fig. 3B,C). No other correlations met corrected thresholds,
although a trend toward a positive correlation with post-
MRI loudness was also present in inferior colliculus
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Exploring the atypical tinnitus RSN. (A) Correlations in raw, ROI-ROI relationships that exhibited differences between

denoised fMRI signal between regions of the atypical tinnitus
RSN are displayed in a cross-correlation matrix, where deeper
orange colors indicate stronger positive correlations. No regions
displayed strong negative correlations in raw signal with any
other region of the network. Mean correlation (Pearson’s r) val-
ues are displayed, derived from ROI-ROI analyses performed in
single subjects using the clusters from Figure 3A and averaged
for healthy controls (left) and in tinnitus patients (right).

(r=10.50, Pyncorr =0.02; Fig. 3D). Thus, activity in medio-
dorsal nucleus and, to a lesser extent, inferior colliculus,
was more correlated with this network in patients experi-
encing louder tinnitus after the MRI scan.

Exploratory Analyses of an Atypical RSN

In contrast to the analyses described above that meas-
ured ICA-defined RSFC within RSNs, this exploratory
analysis measured region-to-region (vs. region-to-RSN)
correlations in fMRI activity amongst the ROIs of the atyp-
ical tinnitus RSN. In this analysis, resting-state fMRI activ-
ity was positively correlated in many ROI-ROI pairs for

groups are bolded, italicized, and marked with an asterisk
(Puncorr < 0.05). (B) Graphs of the atypical RSN are displayed to
highlight the relationships in raw intrinsic fMRI signal between
ROIs for controls and patients (at left in black and at right in
red, respectively). Dotted lines mark significant correlations at
Puncorr < 0.05, and solid lines mark correlations P, < 0.05,
Bonferroni-corrected for the number of pairwise tests.

both tinnitus patients and controls (Fig. 4), and many
more ROI-ROI pairs showed significant positive correla-
tions in fMRI signal in controls than in tinnitus patients.
No regions displayed strong negative correlations in raw
signal with other regions in the network. Regions exhibit-
ing the strongest intercorrelations followed a similar pat-
tern to the opposing relationships of the atypical tinnitus
RSN (i.e., Fig. 3) in both tinnitus patients and controls, and
roughly formed two groups: (1) auditory ROIs, mediodor-
sal nucleus, and prefrontal cortex were intercorrelated and
(2) caudate/putamen and orbitofrontal ROIs were also
intercorrelated.

To determine whether ROI-ROI connections differed
between groups or were affected by hearing loss, we
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Figure 5.

Relationships between hearing loss, tinnitus variables, and raw
intrinsic connectivity in the atypical tinnitus RSN. (A) Significant
correlations between mean hearing loss (mHL) and ROI-ROI
correlations in raw fMRI signal across both groups were identi-
fied using a Group X mHL ANCOVA. Scatterplots of ROI pairs
exhibiting significant (Pyncorr < 0.05) effects of mHL are displayed.
Patient data are shown in red circles, and controls in black
squares. (B) Scatterplots are shown for ROI pairs demonstrating
significant correlations between behavioral variables (i.e., post-
MRI tinnitus loudness ratings and anxiety rating scale scores)
and ROI-ROI raw intrinsic connectivity (Pyncorr <0.05) as
assessed in tinnitus patients using Pearson’s . A potential outlier
is encircled in the lower right panel; statistics with this datapoint
omitted are r=0.35, P=10.14.

performed an ANCOVA (group X mean hearing loss) for
each pair of ROIs (Supporting Information Table S1). No
effects survived corrected thresholds. However, four ROI-
ROI connections demonstrated moderate differences
between groups (Fig. 4). Functional connectivity between
the caudal and rostral mHG ROIs was stronger in tinnitus
patients than in controls (F(1,36) = 6.29, P =0.01; c.f. [Sey-
dell-Greenwald et al.,, 2014]). Also, connections between

the left orbitofrontal cortex (LOFC) and (1) right lateral
prefrontal cortex (RPFC), (2) caudal mHG, and (3) rostral
mHG were stronger in controls than in tinnitus patients
[F(1,36) =8.20, P=0.007; F(1,36)=11.74, P=0.002; and
F(1,36) = 5.90, P = 0.02, respectively].

Functional connections between two ROI-ROI pairs
were also affected by mean hearing loss (P < 0.05, Fig. 5A),
with connectivity between auditory cortex ROIs (caudal
and rostral mHG) and between the right inferior colliculus
and caudate/putamen negatively correlated with mean
hearing loss [F(1,36)=7.89, P=0.012 and F(1,36) =4.93,
P =0.033, respectively]. No interactions between group
and hearing loss were significant, although some trends
were present (e.g., between subcortical auditory ROIs and
caudal mHG; Supporting Information Table S1).

We also examined relationships between ROI-ROI corre-
lations and (1) post-MRI tinnitus loudness, (2) tinnitus dis-
tress (THI score), and (3) symptoms of anxiety (GAD
score) in tinnitus patients. No tests survived corrected
thresholds. However, moderate positive correlations were
present between post-MRI tinnitus loudness and three
ROI-ROI pairs (Fig. 5B): caudal mHG and mediodorsal
nucleus (r=0.56, P=0.009), RPFC and LOFC (r=0.61,
P=0.003), and rostral mHG and Cd/Pu (r=0.49,
P=0.023). A positive relationship was also present
between anxiety and RPFC-LOFC connectivity; however,
this effect may have been influenced by an outlier
(Fig. 5B).

DISCUSSION

In this study, we demonstrated tinnitus-related differen-
ces in RSFC for both typical and atypical RSNs, including
auditory and non-auditory regions previously implicated
in tinnitus pathophysiology [Cheung and Larson, 2010;
Landgrebe et al., 2009; Leaver et al., 2011; Maudoux et al.,
2012a,b; Vanneste et al., 2010]. Some of these regions, like
the mediodorsal nucleus of the thalamus and striatum
(caudate/putamen), demonstrated tinnitus-related effects
in both typical and atypical RSNs. When defining RSNs
separately in patients, we identified an atypical RSN that
engaged medial Heschl’s gyrus, inferior colliculus, medio-
dorsal nucleus, striatum, orbitofrontal cortex, and lateral
prefrontal cortex. The network’s presence in the tinnitus-
only ICA suggests that connectivity within this network
explained a greater and/or unique amount of variance in
patients than in controls, and may reflect the neural cir-
cuitry underlying tinnitus. Indeed, connectivity in the
mediodorsal nucleus was positively correlated with tinni-
tus loudness reported after the MRI scan, perhaps indicat-
ing its role in the auditory—sensory experience of tinnitus.
Taken together, our results suggest that unique functional
relationships exist between auditory and non-auditory
regions in people with tinnitus, and point to an auditory
and thalamo-striato-frontal circuit involved in tinnitus
pathophysiology [Rauschecker et al., 2010].
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The Role of Typical RSNs in Understanding
Tinnitus Pathophysiology

Functional connectivity methods in fMRI are still rela-
tively new, and optimal analysis strategies are under
development [Fox and Greicius, 2010; Van Essen et al.,
2012; Wig et al., 2014]. Defining typical RSNs using ICA is
an asset, in that it allows us to probe functional connectiv-
ity in well characterized, large-scale networks that have
been previously studied in other contexts and disorders
[Allen et al., 2011; Baliki et al., 2008; Damoiseaux et al.,
2006; Greicius et al., 2004, 2007; Laird et al., 2011; Leaver
et al, 2015a; Smith et al., 2009]. Furthermore, this
approach permits examination of functional relationships
within a given RSN independent of other RSNs (i.e., with
temporal variability in brain activity attributable to other
RSN statistically removed), which may capture different
aspects of RSFC than seed-region or ROI analyses. How-
ever, it is unlikely that any one typical RSN will capture
the entirety of a given pathology; in our case, tinnitus is
unlikely to be solely explained by dysfunction in the audi-
tory RSN or DMN. Rather, we use typical RSNs to indi-
rectly probe regions we consider to be relevant to tinnitus
[Davies et al., 2014; Maudoux et al.,, 2012ab], while
hypothesizing that tinnitus and other disorders involve
network-level dysfunction that exists outside of typical
RSNSs.

In the present study, we chose five typical RSNs [Allen
et al.,, 2011, Damoiseaux et al., 2006; Laird et al., 2011;
Smith et al., 2009] to probe function in structures thought
to be critical for tinnitus. We saw tinnitus-related reduc-
tions in connectivity between the posterior default-mode
network and the striatum, posterior cingulate cortex
(PCC), and medial occipital cortex. We also noted tinnitus-
related reductions in connectivity between the mediodor-
sal nucleus and an auditory RSN, and between the left
anterior parahippocampal gyrus (PHG) and the anterior
DMN. Our findings support previous reports of tinnitus-
related differences in these regions (ie. basal ganglia
[Cheung and Larson, 2010; Leaver et al., 2011, Maudoux
et al., 2012b], PCC [Maudoux et al., 2012a; Vanneste et al.,
2010], thalamus [Miihlau et al.,, 2006], PHG [Landgrebe
et al., 2009; Maudoux et al., 2012a; Vanneste et al., 2011a]),
specifically including reduced connectivity between PCC
and DMN in tinnitus [Schmidt et al., 2013]. However,
although functional connectivity in these regions was dif-
ferent in tinnitus patients, none of these effects were corre-
lated with tinnitus or other behavioral variables. PCC and
PHG have been previously associated with measures of
tinnitus distress [Maudoux et al., 2012a; Vanneste et al.,
2010]; perhaps the relatively limited range of distress/THI
scores in the current study was not conducive to detecting
these effects.

Reduced functional connectivity between these regions
and their respective RSNs could be explained in multiple
ways, which are not mutually exclusive. These regions
could be underperforming due to reductions in neuronal

tissue or synapses, resulting in reduced functional output.
This is a typical interpretation of clinical neuroimaging
research using RSNs to probe for aberrant function [Baliki
et al., 2008; Greicius et al., 2004]. Indeed, previous studies
have demonstrated tinnitus-related anatomical anomalies
in the thalamus [Miihlau et al., 2006; Seydell-Greenwald
et al.,, 2014], inferior colliculus and auditory cortex [Sey-
dell-Greenwald et al., 2014], and parahippocampal regions
[Landgrebe et al., 2009], which could explain abnormal
function in these structures reported in the current study.
It is also possible that effects identified by ICA in typical
and atypical RSNs reflect other signals present in the tinni-
tus data that are unrelated to brain organization underly-
ing tinnitus. Yet another alternative interpretation is that
these regions have normal functional capabilities, but are
not connected in a temporally coherent manner to the typi-
cal RSN of interest. Certainly, cases of overlap between
results of the “typical RSN” analysis (Fig. 1) and the
“atypical tinnitus RSN” (Fig. 3) could support this inter-
pretation. For example, perhaps the mediodorsal nucleus
was less functionally connected with the auditory RSN in
patients than controls because it was more connected with
the tinnitus RSN or other atypical RSNs. Analysis methods
that are able to directly identify and measure “atypical”
networks relevant for tinnitus or other disorders without
making assumptions a priori regarding regions of interest
are needed. We believe that our tinnitus-only ICA identi-
fied such a “tinnitus network” in this way, but more work
is needed to develop methodological approaches identify-
ing disorder-specific (rather than typical) RSNs if we hope
to achieve a complete understanding of tinnitus and other
brain-network disorders.

Atypical RSNs and a Possible Tinnitus Network

To our knowledge, no previous ICA study of resting-state
fMRI has identified atypical RSNs relevant to the patho-
physiology of a clinical sample; by contrast, EEG studies do
have a history of characterizing atypical networks using
ICA and similar blind source separation analyses, including
tinnitus research [De Ridder et al.,, 2011b; Vanneste et al.,
2014]. In the current study, we identified a network that
was uniquely present in tinnitus patients in our analyses,
including both auditory regions (medial Heschl’s gyrus,
inferior colliculus) and fronto-striatal regions (mediodorsal
nucleus, striatum, lateral prefrontal cortex, and orbitofrontal
cortex). In a secondary analysis we confirmed that this
“tinnitus network” was functionally connected in controls,
suggesting that functional connectivity between regions of
this network is neurophysiologically plausible. However,
two differences were apparent: (1) auditory regions were
not functionally connected with non-auditory regions in
patients (i.e., their timecourses were not positively corre-
lated) and (2) connectivity within the atypical tinnitus RSN
explained a greater amount of the overall variance in fMRI
timecourses across patients’ brains than controls’ brains
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(hence its presence in the tinnitus-only ICA; see also Sup-
porting Information Fig. S5).

Tinnitus is relatively unique as an object of study with
resting-state fMRI, in that these patients constantly experi-
ence a sensory perception not experienced by controls.
Thus, it is possible that connectivity within this tinnitus
network could reflect the tinnitus percept itself, and that
the regions constituting this network may be responsible
for generating, perpetuating, and/or reacting to the tinni-
tus percept. Indeed, functional connectivity between some
regions in this network was positively correlated with the
loudness of tinnitus reported after the MRI scan. The
mediodorsal nucleus, and to a lesser extent the inferior
colliculus, were more connected with the tinnitus network
in patients with louder tinnitus. Furthermore, correlations
between fMRI timecourses in the mediodorsal nucleus and
caudal mHG were also positively correlated with tinnitus
loudness, as assessed in ROI-ROI analyses post hoc; correla-
tions between the inferior colliculus and striatum were
also positively correlated with tinnitus loudness in this
analysis. The caudal mHG is likely to be either core (pri-
mary) or medial belt (secondary) auditory cortex, and its
neurons likely respond to simple, tone- or noise-like stim-
uli typical of tinnitus sensations [Kaas and Hackett, 2000;
Kusmierek and Rauschecker, 2014; Rauschecker et al.,
1995]. The latter is also true of the inferior colliculus (a
brainstem structure of the ascending auditory-sensory
pathway). The mediodorsal nucleus is connected with
both fronto-limbic [Behrens et al., 2003; Goldman-Rakic
and Porrino, 1985; McDonald, 1987; Ray and Price, 1993]
and auditory regions [Pandya et al., 1994; Tanibuchi and
Goldman-Rakic, 2003]. This cluster may have also over-
lapped with the pulvinar, a multisensory nucleus con-
nected with the auditory system [Huang and Lindsley,
1973; de la Mothe et al., 2012; Romanski et al., 1997]. Con-
nectivity within these structures could be responsible for
the auditory-sensory experience of tinnitus, while dysfunc-
tion in these and other members of the tinnitus network
may reflect tinnitus chronicity and/or reactions to tinnitus.

Indeed, in the context of ICA, we report an opposing
functional relationship in the tinnitus network between
auditory-sensory regions (plus right lateral PFC) and
fronto-striatal regions, including caudate/putamen and
orbitofrontal cortex. In other words, intrinsic activity in
auditory-sensory and lateral PFC regions was negatively
correlated with intrinsic activity in medial fronto-striatal
regions when temporal variance associated with other
RSNs (e.g., auditory network) was statistically removed.
This suggests that activity in the auditory and medial
fronto-striatal parts of the tinnitus network may influence
each other indirectly and/or directly. As has been previ-
ously suggested [Rauschecker et al., 2010, 2015], fronto-
striatal regions may receive tinnitus-related input from the
auditory system through the thalamus, and in response
attempt (unsuccessfully) to attenuate the unwanted, irrele-
vant tinnitus percept. However, causal relationships

between activity in these regions and the development of
chronic tinnitus remain to be tested.

Correlations in fMRI timecourses between right lateral
prefrontal and left orbitofrontal ROIs were positively cor-
related with post-MRI tinnitus loudness. The relationship
between lateral frontal connectivity and tinnitus loudness
more likely reflects increased attentional demands and/or
unsuccessful attempts to ignore or attenuate the tinnitus
during the resting-state scan, rather than the sensory per-
ception of tinnitus. Our previous work has demonstrated
that lateral prefrontal activity during an auditory oddball
task was also positively correlated with post-MRI tinnitus
loudness ratings [Seydell-Greenwald et al., 2012]. This is
in contrast to medial fronto-striatal dysfunction, which we
have argued is critical to the sensory perception of tinni-
tus. Although some frontal and auditory ROIs were right-
lateralized, we do not make strong claims regarding the
significance of this lateralization, especially considering
that the great majority of patients in the current study
experience bilateral tinnitus.

Because our findings were novel for resting-state fMRI,
we used several measures to probe the legitimacy of the
tinnitus network. First, we confirmed the presence of the
network over multiple iterations of ICA (see “Materials
and Methods” section); it was present in 10 of 10 ICA rep-
etitions on patients” fMRI data. In control data, no network
(also examined with visual inspection) was identified that
was spatially similar to the tinnitus network at our chosen
parameters and thresholds (Fig. 2; Supporting Information
Fig. S5). Second, we performed exploratory ROI-ROI anal-
yses to confirm connectivity within the tinnitus network in
both patients and controls (and thus its neurobiological
validity). These ROI-ROI analyses demonstrated that net-
work regions were functionally connected in both groups,
with a greater number of positively correlated ROI pairs
in controls. (Although the lack of negative correlation
between these regions in the ROI-ROI analysis may
appear contradictory, the ROI-ROI analysis does not
remove temporal signal associated with other RSNs like
ICA.) Taken together, these two probes suggest that,
although activity in “tinnitus network” regions was func-
tionally correlated in controls (as evident in the ROI-ROI
analysis), connectivity within this “tinnitus network” does
not explain a large amount of overall variance in control
data (as evident from its absence in the controls-only ICA
with our chosen parameters). In addition, our analyses
addressed potential contamination of the tinnitus network
by noise, by removing sources of nuisance variability (i.e.,
motion, physiological noise captured by white-matter and
cerebrospinal-fluid signal) from ROI timecourses prior to
exploratory ROI-ROI analyses of the tinnitus network in
both groups of volunteers. Similarly, because ICA success-
fully identifies separate components related to motion,
physiological, and other sources of noise [Perlbarg et al.,
2007; Thomas et al., 2002], it is unlikely that those sources
of noise influenced the definition of the tinnitus network
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with ICA. We also examined the power spectra of all RSN
timecourses, and the atypical tinnitus RSN was not appre-
ciably different from other networks in this respect (Sup-
porting Information Fig. S6). The tinnitus network was
robust to the probes we selected, and so we are quite con-
fident that the network is neurophysiologically plausible.
Moreover, RSFC in parts of this network was correlated
with post-scan tinnitus-loudness ratings, which further
enhances our confidence that the network is related to tin-
nitus (rather than emerging from spurious differences
between groups).

Additional Methodological Considerations

As with all research, study results are necessarily con-
strained by the methodological approach chosen. In our
study, we used ICA to analyze resting brain activity and
to make inferences regarding the functional “connections”
between brain regions. Although we have discussed the
limitations of this technique throughout the article, some
additional methodological considerations may be worth
noting here. For example, our analyses targeted a limited
sample of RSNs to reduce Type I error, which may have
caused us to miss tinnitus-related effects in networks not
assessed (e.g., in the hippocampus or cerebellum). It is
also possible that we missed effects in superior parietal or
occipital cortex due to the positioning of our functional
EPIs, which we did to boost signal-to-noise in ventral pre-
frontal cortex. In addition, we did not measure temporal
dependencies between brain activity within the tinnitus
network or other networks. Future studies measuring
brain activity with greater temporal resolution and with a
larger field of view will be in a better position to infer
causal relationships between activity in these and other
brain networks. We also reported some results that did
not survive our strict corrected thresholds, which means
that validation of these results in an independent patient
cohort, and perhaps using different, yet complementary,
methodological approaches, is needed.

Tinnitus has long been associated with hearing difficul-
ties [Hoffman and Reed, 2004], and ruling out hearing loss
as an alternative explanation for any observed effects is
always an important methodological consideration in tin-
nitus research. In our sample, mean hearing levels were
not different between groups, though a trend was present
for greater loss in patients. Nevertheless, differences in
hearing loss seemed not to contribute to our between-
groups effects, as no correlations were found with hearing
thresholds in regions exhibiting tinnitus-related effects. It
is possible that our groups differed in the etiology of their
hearing loss, which may have had different neurobiologi-
cal consequences [Melcher et al., 2012]. We did note a
modest negative correlation between mean hearing levels
and functional connectivity between auditory cortex ROIs
in the tinnitus network for both patients and controls, sup-
porting our previous report of reduced white-matter integ-

rity with hearing loss [Seydell-Greenwald et al., 2014].
Deafferentation could have reduced temporally coherent
intrinsic activity in the auditory cortex; typical models pre-
dict increased spontaneous activity, at least initially
[Eggermont and Roberts, 2004]. Negative relationships
between hearing loss and functional connectivity in other
structures like frontal cortex could reflect compensatory
strategies or more widespread effects of deafferentation
[Pawela et al., 2010] and/or reduced hearing thresholds.
Note too that hearing levels were highly correlated with
age in the current study (r = 0.71 for patients, r = 0.86 for
controls), as is to be expected [Hoffman and Reed, 2004].
A thorough look at hearing loss is outside the scope of
this study, and more work is sorely needed in this under-
represented area of neuroimaging research. We are reason-
ably confident, however, that hearing loss is not driving
the tinnitus-related effects reported in the current study.
Tinnitus patients and controls did not differ in anxiety
(or depression) scores, and we found no relationships
between functional connectivity measures and tinnitus-
related distress or sub-clinical symptoms of anxiety (or
depression) in the current study. We did, however,
observe tinnitus-related differences in functional connec-
tivity in regions that are considered limbic by virtue of
their connections with anterior- and medial-temporal
structures associated with emotion, including some
regions previously associated with tinnitus-related distress
[i.e., PCC and PHG; Maudoux et al., 2012a; Vanneste et al.,
2010]. It is certainly possible that these and other limbic
structures are engaged in patients experiencing distress or
anxiety relating to their tinnitus [Leaver et al., 2012; Van-
neste et al., 2010]. Both the ventral striatum and orbito-/
pre-frontal cortices are engaged when experiencing aver-
sive (and pleasant) stimuli [Jensen et al., 2003; Plassmann
et al., 2010; Roitman et al., 2005; Wager et al., 2008]; there-
fore, the effects that we observed in these structures may
have been related to unpleasantness associated with tinni-
tus. It is also possible that functional connectivity as meas-
ured by fMRI is not affected by tinnitus distress in these
regions, while other measures are affected, like EEG/MEG
measures of higher frequency connectivity and activity, or
anatomical variables. Controversy exists regarding the
exact role that distress and emotions play in tinnitus
pathophysiology. Some theories propose that emotional
responses are critical, or even necessary, in transitioning
from acute to chronic tinnitus [Jastreboff, 1990; De Ridder
et al.,, 2011a]. Others have proposed that, while stress and
negative emotions can exacerbate tinnitus, these reactions
are not necessary for tinnitus to become chronic [Leaver
et al., 2011, 2012; Rauschecker et al., 2010]. Indeed, there is
evidence for separation in the neural systems subserving
the auditory-sensory experience of tinnitus from those
supporting tinnitus-related distress [Leaver et al., 2012;
Vanneste et al., 2014]. Patients in our study had a rela-
tively wide range of tinnitus distress scores, but were
overall on the low-to-moderate end of the spectrum; only
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one patient met the criteria for moderate distress (58-76
THI score) and one patient had a severe score (78-100),
while others fell in the slight and mild impact categories
[Newman et al., 1996]. Future research designed to directly
address the role of distress and mental health in tinnitus
and other similar sensory disorders like chronic pain are
needed, perhaps through directed recruiting of patients
with severe distress and/or comorbid mood disorders
[Joos et al., 2012].

CONCLUSIONS

Studies using functional neuroimaging to record brain
activity directly related to tinnitus in humans have been
faced with several challenges. Research using task-fMRI
has used stimulus-evoked activity to make indirect infer-
ences regarding tinnitus-related activity [Gu et al., 2010;
Leaver et al., 2011; Melcher et al., 2009], and although
resting-state fMRI studies may be in a better position to
directly measure activity associated with tinnitus (rather
than an experimentally generated stimulus), they have so
far relied on assumptions made a priori regarding the criti-
cal regions of interest (for seed-based analyses) or the key
large-scale, typical RSNs of interest (for ICA studies). EEG
and MEG research is more likely to use blind source-
separation techniques to identify unique networks relevant
for tinnitus [e.g.,, Vanneste et al., 2014]; however, some
rely on the same prior assumptions made in fMRI studies
and coarse spatial resolution is a concern. Here, we pres-
ent a “tinnitus network” uniquely present in tinnitus
patients, identified without restrictions made a priori and
checked for validity by several assessments. This is the
first time, to our knowledge, that a unique, atypical net-
work has been identified for a brain disorder using ICA of
resting-state fMRI in this way, and our results support
previous tinnitus research [Leaver et al, 2011, 2012;
Mihlau et al., 2006; Seydell-Greenwald et al., 2012, 2014],
and theoretical models [Leaver et al., 2015b; Rauschecker
et al.,, 2010, 2015], suggesting that tinnitus pathophysiology
involves crosstalk, and perhaps dysregulation, between
fronto-striatal and auditory—sensory regions. Nevertheless,
much more work is needed to determine causal relation-
ships in the function of these regions as they relate to
chronic tinnitus, as well as the impact of hearing loss,
aging, tinnitus-related distress, and other factors on tinni-
tus pathophysiology. Brain connectivity research shows
great promise in its ability to enrich our understanding of
this network disorder, and we hope this leads to more
effective treatments and perhaps a cure for tinnitus.
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