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Abstract

Chronic subjective tinnitus is the constant perception of a sound that has no physical source. Brain imaging studies
show alterations in tinnitus patients’ resting-state networks (RSNs). This scoping review aims to provide an overview of
resting-state fMRI studies in tinnitus, and to evaluate the evidence for changes in different RSNs. A total of 29 studies
were included, 26 of which found alterations in networks such as the auditory network, default mode network, attention
networks, and visual network; however, there is a lack of reproducibility in the field which can be attributed to the use of
different regions of interest and analytical methods per study, and tinnitus heterogeneity. Future studies should focus on
replication by using the same regions of interest in their analysis of resting-state data, and by controlling adequately for
potential confounds. These efforts could potentially lead to the identification of a biomarker for tinnitus in the future.
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NH Normal hearing

OFC Orbitofrontal cortex

PAC Primary auditory cortex

PCC Posterior cingulate cortex

ReHo Regional homogeneity

ROI Region of interest

Rs-fMRI Resting-state functional magnetic resonance
imaging

RSN Resting-state network

SCA Seed-based correlation analysis

SFC Superior frontal cortex

SFG Superior frontal gyrus

SPC Superior parietal cortex

SPM Statistical parametric mapping

SPL Superior parietal lobule

TCD Thalamocortical dysrhythmia

TE Echo time

THQ Tinnitus handicap questionnaire

TPJ Temporoparietal junction

TR Repetition time

V1 Primary visual cortex

VAN Ventral attention network

VMHC  Voxel-mirrored homotopic connectivity

VmPFC  Ventral medial prefrontal cortex

Introduction

Tinnitus is the phantom perception of sound without an
external source, and is commonly described as a ringing,
hissing, whining, pure tone, or “cricket noise” [39, 66]. Tin-
nitus affects 10-15% of the adult population [39] and can
have a profoundly negative effect on sleep, attention and
overall quality of life [5]. Tinnitus can be classified as sub-
jective or objective, pulsatile or non-pulsatile, and chronic
(>6 months) or recent onset (<6 months) [5, 39, 67]. In
subjective tinnitus, the noise can only be heard by the af-
fected person, whereas in objective tinnitus the noise can
be measured with specialized sound equipment [27]. Pul-
satile tinnitus is almost always objective and has a specific,
identifiable cause [41]. This review only considers chronic,
subjective tinnitus as this type is hypothesized to be of cen-
tral origin, but its exact mechanisms are unclear.

Despite increasing research into the field of tinnitus, the
exact pathophysiology of tinnitus remains to be elucidated
[5]. Observations that the tinnitus pitch is correlated to the
frequency of maximum hearing loss in tinnitus patients [62]
have led to the idea that deafferentation (e.g. due to hearing
loss) could lead to neuroplasticity in an attempt to return
neural activity to its usual homeostatic state [46, 60]. Neu-
rons could become more susceptible to firing in response
to spontaneous activity in the case of homeostatic strength-
ening of excitatory synapses or weakening of inhibitory
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synapses, referred to as increased gain. This firing could
be interpreted as a sound, i.e. tinnitus [46]; however, not
everyone with tinnitus has a visible hearing loss on normal
audiograms, although a hidden hearing loss in the form of
reduced neural output from the cochlea may be present in
those cases [61].

Animal research has supported the plastic reorganization
theory of tinnitus. Yang et al. [78] stated that plastic reorga-
nization in the central auditory system and down-regulation
of inhibitory synapses were observed in high frequency spe-
cific neurons in rat models that showed behavioral charac-
teristics of high frequency tinnitus; however, tinnitus does
not consistently arise under conditions that would be ex-
pected to create a tinnitus signal and not everyone with
a hearing loss also develops tinnitus.

In a review on gain mechanisms and tinnitus, Sedley [65]
concluded that increased gain can be induced by peripheral
auditory insults but might not be sufficient to cause tinnitus.
Rauschecker et al. [57] also postulated in their frontostriatal
gating model of tinnitus that auditory lesion is not sufficient
for tinnitus to arise. According to their model, tinnitus only
occurs if the noise cancellation system, consisting of lim-
bic-auditory connections mediated by the thalamus, breaks
down. Tinnitus is also often accompanied by anxiety and
depression [2] and attention networks play a role in tinnitus
awareness [69], suggesting that the underlying mechanisms
of tinnitus likely consist of multiple neural networks.

One method used to study neural networks is functional
magnetic resonance imaging (fMRI). In fMRI, neural activ-
ity is not measured directly, but through the blood oxygen
level-dependent (BOLD) signal [4, 56]. It is based on the
observation that local blood flow increases with neural ac-
tivity [59]. The unique fluctuations in BOLD responses are
frequently used to compare patient groups with neurological
conditions to neurotypical controls. BOLD fMRI has previ-
ously been utilized to demonstrate differences in functional
networks in people with various neurological and psychi-
atric disorders (e.g. dementia [58], Alzheimer’s disease [35,
47, 68], depression [34] and schizophrenia [72]).

A popular method for the study of functional networks
is resting-state fMRI (rs-fMRI). Rs-fMRI quantifies the
temporal dependence of neural activity patterns between
anatomically separated regions when the subject is not en-
gaged in any task. BOLD signal fluctuations that are cor-
related in anatomically separated regions can be used to
infer functional connectivity between those regions [72].
Early work in this field revealed a high correlation between
spontaneous neural activation patterns in the motor network
[8, 9] with later studies replicating this for other networks
such as the primary visual network and the auditory net-
work [72]. Rs-fMRI investigates low frequency oscillations
(~0.01-0.1Hz) of the fMRI time series, which may be con-
founded by cardiac and respiratory oscillations, although it
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is generally accepted that these resting-state fMRI patterns
have a neuronal basis as they reflect the traditional known
systems such as the motor and visual systems [8, 9, 72].

Rs-fMRI research has given rise to the identification
of several prominent resting-state networks (RSN) which
are consistently identified, regardless of different subject
groups, methods of analysis and scanning protocols. These
are the sensorimotor network, visual and extrastriate visual
network, insular-temporal/anterior cingulate cortex (ACC)
(saliency) network, left and right lateralized frontoparietal
networks (attention), default mode network (DMN), and
a frontal executive function network [72].

The RSN that has received the most attention in research
into cognitive dysfunctioning is the DMN, which is charac-
terized by being more active at rest than during task state.
It comprises posterior cingulate cortex (PCC), precuneus,
medial prefrontal cortex (mPFC), and inferior parietal cor-
tical regions [6, 25, 71]. As tinnitus is mainly experienced
during rest, it has been hypothesized that alterations in the
DMN could be associated with tinnitus [15, 42].

Other RSNs have been identified than the eight presented
above. Most notably of relevance here is the auditory RSN.
Cordes et al. [24] asked subjects to perform an auditory text
listening task and compared the activity map derived from
the task-based fMRI scan to an activity map created using
rs-fMRI using the auditory cortex as a region of interest.
They found the distribution of the auditory task activity was
very similar to the resting-state functional connectivity net-
work in auditory regions. Evidence taken together suggests
characteristics of functional connectivity maps reflect how
networks appear during the relevant active tasks [24].

Other networks that are often mentioned are the dor-
sal attention network (DAN) and ventral attention net-
work (VAN), which can be confused with the lateralized
frontoparietal (FP) networks. Data-driven clustering of net-
works shows an overlap in some individuals between the FP
networks and DAN, but generally they can be distinguished
by the FP covering prefrontal cortex and intraparietal sulcus
and the DAN covering a dorsal premotor strip and frontal
eye fields [33].

Husain and Schmidt [42] reviewed six studies on tinnitus
and rs-fMRI focusing on the DMN, visual RSN, auditory
RSN, the DAN and the limbic network. They found that the
DMN-limbic and the auditory-limbic functional connectiv-
ity was increased in tinnitus and may be correlated with
tinnitus-related distress. New evidence on RSN in tinnitus
has been gathered since the review of Husain and Schmidt
[42] and therefore a comprehensive review is needed to
bring together current evidence from rs-fMRI in tinnitus
patients. This scoping review aims to present an overview
of the research in this area and to answer the question:
What has rs-fMRI revealed about resting-state networks in
tinnitus patients?

Methods
Search Strategy

A scoping review was undertaken using the framework pro-
posed by Arksey and O’Malley [3]. In a scoping review,
the goal is to map all the available evidence in a research
area and to highlight gaps in the existing literature, without
excluding studies based on their quality [3, 51]. The on-
line databases PubMed, Embase, and Web of Science Core
Collection (WoS CC) were searched from inception until
22/01/2021 using the following search term:

(“fmri”[tiab] OR “mri”[tiab] OR “magnetic resonance
imaging” [tiab] OR “functional connectivity”[tiab]
OR “resting state”[tiab]) AND “tinnitus”[ti]

Inclusion Criteria

To be included, studies had to be primary research studies,
in which subjects with chronic (>6 months), subjective tin-
nitus underwent resting-state fMRI scanning. All subjects
had to be adults (>18 years old). Only studies written in
English were included. Studies were excluded if they were
case studies, review studies, brain imaging studies that did
not use rs-fMRI, treatment studies, studies in which subjects
had pulsatile tinnitus, animal studies, studies with children,
and hospital diagnostic studies. Studies that used rs-fMRI
combined with other types of MRI were included. There
were no inclusion criteria regarding the presence of a con-
trol group.

All papers were screened for inclusion by two indepen-
dent reviewers (T. Kok and D. Domingo) in both abstract
stage and full-text stage. Any clashes between the two re-
viewers were resolved through a discussion between the
two reviewers.

Data Charting

The included papers were taken to the data charting stage.
Information was extracted about the study design, partic-
ipant characteristics, results, and MRI scanning protocols
and logged in Excel spreadsheets. All data were extracted as
mean + standard deviation (M £SD) unless otherwise spec-
ified.

Data Analysis

Papers were grouped by their method of analyzing the rest-
ing-state data and summarized in tables. Then, papers were
also grouped by which networks were implicated in their
findings for the discussion. A brain template was created
with the most important regions for each relevant resting-
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state network depicted on it (Fig. 2). These regions were
selected based on the RSN literature. To summarize the
findings from seed-based functional connectivity studies, if
at least one study found an increased or decreased connec-
tion between two regions included on the brain template,
a solid or dotted line was drawn between the regions. Find-
ings related to any other regions were not presented on the
figure, but are available in the results tables, as the num-
ber of different regions implicated in total was too high to
include all of them in one figure.

For auditory findings specifically, a second figure was
created by tallying how often an increased or decreased
connection was found with an auditory region-of-interest
(Fig. 3).

Results
Search Results

There were 386 hits in PubMed, 461 hits in Embase, and
352 hits in World of Science Core Collection. All records
were exported to the EndNote X9 (Clarivate Analytics,
Philadelphia, PA, USA) reference management software.
Fig. 1 shows the flowchart for study selection.

(" R
Records identified Records identified Records identified
through PubMed through Embase through WoS CC
n=386 n=461 n=352
g J
— :
Records exported /
to EndNote i
n=1199 \
| Duplicates removed
| n=724
Records for /
abstract screening <
n=475 \
\ No MRIstudy n=77
| Case study n = 67
| Pulsatile tinnitus n = 64
Used fMRI but not | Treatment study n = 62
resting-state n = 40 Records for full- / Review papern =24
Used anatomical MRI only text screening Animal study n = 12
n=29 n=138 Children study n = 2
Duplicate n = 24 “f Other/Medical
Acute tinnitusn = 9| screening study n = 29
Not written in Englishn =2 ; <
Used MEMRIn=1 \
Casestudyn=1 \,| Records included
Conference abstractn=1 n=29
Treatment studyn=1
Pulsatile tinnitusn=1 —

Fig.1 Flowchart of study selection. WoS CC World of Science Core
Collection, MEMRI manganese-enhanced MRI
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Design of Studies

The 29 studies had total sample sizes ranging from
12-105 participants (M 50.69+SD 22.37), with sample
sizes for tinnitus groups ranging from 6-50 participants
(M 23.47+SD 10.25), and control groups ranging from
6-55 participants (M 23.48+SD 11.81). From 29 stud-
ies, 25 studies defined chronic subjective tinnitus as at
least 6 months (confirmed either within the manuscript or
through confirmation via email with the authors), 3 studies
defined chronic as at least 1 year, and 1 study defined
chronic tinnitus as greater than 2 years.

Different methods to analyze the rs-fMRI data were
found in the included studies. The most common method
for building a functional connectivity map was seed-based
correlation analysis (SCA). In SCA, the linear correlation
is calculated between the time series of a seed region/
voxel (an a priori specified “region of interest”), and every
other voxel in the brain. Eighteen out of 29 studies or
62% used SCA to analyze functional connectivity patterns
and 3 studies used Granger causality analysis, which is
also a seed-based method but deploys a statistical method
from the field of economics to assess directional aspects of
connectivity [18, 32].

Three studies used regional homogeneity (ReHo) anal-
ysis, which can be used to quantify local synchronization
in neighboring voxels and is a measure of local neural ac-
tivity coherence during resting-state [79]. Increased ReHo
values reflect increased local synchrony, which could be
interpreted as increased coherence of spontaneous neural
activity [79].

Four studies used amplitude of low-frequency fluctuation
calculations (ALFF) to examine resting-state fMRI data.
ALFF is an algorithm used to measure the intensity of in-
trinsic brain activity at a regional level. Resting-state ALFF
could reflect abnormal changes in activity in various neu-
rological disorders [17]. ALFF examines brain activity in
specific frequency bands rather than across a broad, low-
frequency band between 0.01 and 0.1Hz, as is predomi-
nantly used in resting-state fMRI [21].

One study used voxel-mirrored homotopic connectivity
(VMHC), which measures synchrony between a voxel in
one hemisphere and its mirrored counterpart in the opposite
hemisphere, and it can be used to study interhemispheric
functional connectivity [20].

Three studies used independent component analysis
(ICA), which is a data-driven method in which it is not
necessary to define a region of interest in advance [52]. ICA
is a mathematical technique to separate a set of data into
components based on statistical independence. This data-
driven technique can be applied to rs-fMRI data to identify
spatially distinct resting-state networks [47]. The user has
to determine the number of independent components to
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create from the data, which is known to have an effect on
the results [45].

A final proof-of-concept study used cyclicity analysis,
which studies leader-follower relationships between two
signals in a time series.

Study Findings
Seed-based Correlation Analysis: Non-directional

Fifteen studies used non-directional SCA to analyze the
resting-state patterns in tinnitus patients. Regions of inter-
est (ROI) were predefined in these studies, and the corre-
lations between the rs-fMRI time series of these ROIs and
all other voxels in the brain were calculated. The resulting
functional connectivity map of the chosen seed regions was
then compared between tinnitus and control groups.

A wide range of ROIs were investigated, consisting of
auditory and non-auditory seed regions. Non-auditory seed
regions were often located in a known resting-state network,
such as the DMN, DAN, VAN, visual network, sensorimo-
tor network, or cognitive/control network. ROIs were se-
lected in different ways, most often using WFU_PickAtlas
software (NITRC — Neurolmaging Tools & Resources Col-
laboratory, https://www.nitrc.org/projects/wfu_pickatlas/).

Fig.2 Schematic of findings of
seed-based studies. Solid lines
represent increased functional
connectivity between regions
of the brain, whereas dotted
lines represent decreased func-
tional connectivity in tinnitus
groups compared to control
groups. A line was drawn be-
tween two regions if at least
one paper found this increased/
decreased connection. Only the
results relevant to the regions
on the template are presented
in this overview. Yellow au-
ditory network, aqua default
mode network, pink dorsal at-
tention network, purple limbic
system, blue visual network.
Please note some of the pre-
sented structures are internal to
the brain and their location is
therefore an approximation on
this schematic IPS intraparietal
sulcus, FEF frontal eye fields,
ACC anterior cingulate cortex,
PCC posterior cingulate cortex,
MGB medial geniculate body.
(Image template copyright: Ken-
hub GmbH, illustrator: Paul
Kim, Ocran [55] (permission for
use granted))

/’r;/' \

Fig. 2 shows an overview of the findings of SCA studies.
All but two studies [12, 48] showed altered functional
connectivity networks in tinnitus patients. Table 1 shows an
overview of the studies’ findings; Table S1 is the extended
version with detailed information about each study’s design.

Seed-based Correlation Analysis: Directional (Granger
Causality Analysis)

Three studies used Granger Causality Analysis (GCA) to
investigate directional connectivity in tinnitus patients. One
study [18] selected ROIs based on degree centrality (a graph
theory based, data-driven method) whereas the other two
studies [19, 77] selected ROIs manually. Table 2 is an
overview of GCA findings; extended information is avail-
able in Table S1.

Non-seed-based Studies

Eight studies used alternative methods of analysis, in-
cluding amplitude of low-frequency fluctuations (ALFF),
regional homogeneity (ReHo), voxel-mirrored homotopic
connectivity (VMHC), and cyclicity analysis. Table 3 be-
low shows the main findings of these studies; Table S1
shows an extended overview.

/ANon-Primary
Audltory Cortex
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Table 1 Main findings of non-directional seed-based studies

Study Sample Hearing Control matching ROI/seed Findings of increased 1 or decreased Networks
size loss J FC (tinnitus vs. control) implicated
Berlot et al. Tinnitus Yes, Age PAC, Non- J PAC <> non-PAC Auditory
2020 [7] n=6 matched Sex PAC, MGB, IC J PAC <> MGB
Control Hearing thresholds
n=6 Handedness
Chen et al. Tinnitus Normal Age L Amygdala, Tinnitus (depressed + non-depressed) Prefrontal-
2017 [14] n=40 audio- Sex R Amygdala vs. controls: cingulate-
(20 de- gram Hearing thresholds 1 L+R Amygdala <> L PoCG temporal
pressive) Years of education J L+R Amygdala <> L STG circuit
Control SAS/SDS scores J L Amygdala <> L MFG DMN
n=23 J L Amygdala <> R PCC Attention
J R Amygdala <> R MFG Somato-
J R Amygdala <> R SFG sensory
See Table S1 for other group compar- Visual
isons
Chen et al. Tinnitus Normal Age ACC, PCC 4 ACC <> L Precuneus* DMN
2018 [15] n=40 audio- Sex 1 PCC <> R mPFC**
Control gram Hearing thresholds * positively correlated with tinnitus
n=41 Years of education duration (r=0.451, p=0.007)
Handedness ** positively correlated with tinnitus
distress (r=0.411, p=0.014)
Chen et al. Tinnitus Normal Age Rostral ACC, 1 rACC <> L Precuneus* Auditory
2018 [16] n=31 audio- Sex dorsal ACC 1 rACC <> R PoCG DMN
Control gram Years of education 4 rACC <> R Putamen Visual
n=40 Hearing thresholds 1 dACC <> R STG Executive
SDS and SAS 1 dACC <> R IPL** functions
scores 4 dACC <> R OFC Somato-
Brain parenchyma 4 dACC <> R mPFC sensory
volume J rACC <> L Calcarine cortex
Handedness 4 dACC <> R Fusiform gyrus
* positively correlated with tinnitus
severity (r=0.507, p=0.008).
** positively correlated with tinnitus
severity (r=0.447, p=0.022)
Chen et al. Tinnitus Normal Age PCC 1 PCC <> R mPFC* DMN
2018 [22] n=35 audio- Sex * Correlated with the poorer Trail
Control gram Years of education Making Test-B scores (r=0.474,
n=>50 Hearing thresholds P=0.008) but not with tinnitus di-
SDS & SAS agnostics
scores
Brain parenchyma
volume
Grey and white
matter volume
Handedness
Feng et al. Tinnitus Normal Age Cerebellum 1 L Crus I <> L PHG Auditory
2018 [28] n=28 audio- Sex (9 seeds) 1 R Crus I <> R IOG Limbic
Control gram Years of education 1 R Crus I <> R 10G system
n=29 Hearing thresholds 1 L Lobule VIIb <> R STG* Visual

Brain parenchyma
volume

Grey and white
matter volume
Handedness

1 R Lobule VIIb <> L PCG

4 Vermis <> R STG**

*positively correlated with THQ
scores (r=0.577, p=0.004).
**positively correlated with the THQ
score (r=0.432, p=0.039)
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Table 1 (Continued)

Study Sample Hearing Control matching ROI/seed Findings of increased 1 or decreased Networks
size loss J FC (tinnitus vs. control) implicated
Henderson- Tinnitus Unilateral ~ Age L+R HG, 1 L caudate nucleus <> L HG Auditory
Sabes et al. n=15 deafness, Sex L+R caudate 4 L caudate nucleus <> R SMA Limbic
2019 [37] Control matched Handedness nucleus system
n=15 Hearing thresholds Motor
Duration of deaf- DMN
ness Visual
DAN
Hinkley et Tinnitus Yes, not Age L+R PAC, 1 L PAC <>R STG Auditory
al. 2015 n=15 matched, Sex L+R dor- 1+ LPAC <> L MTG Limbic
[40] Control hearing sal striatum, 1 L PAC <> SFG system
n=15 loss in- L+R cau- 1 L PAC <> posterior cerebellum Visual
cluded date head, 1 L PAC <> PHG DMN
as co- L+R NAc 1 L PAC <> L lingual gyrus DAN
variate in 1+ R PAC <> L MTG
analysis 1 RPAC <> L SFG
1 R PAC <> L MOG
4 R PAC <> R PoCG
4 Striatal ROIs <> frontal, temporal &
occipital regions (See Table S1)
J L+R dorsal striatum <> L+R lin-
gual gyrus
J L dorsal striatum <> L culmen
J R caudate head <> L culmen
4 R caudate head <> R lingual gyrus
J LNAc <>R STG
J L NAc <> R culmen
4 L NAc <> L lingual gyrus
J LNAc<>LIPL
Job et al. Tinnitus Yes, not Age L+R HG, ML HG <> PCC Auditory
2020 [44] n=19 matched, Sex L+R MGB, 1L &R IC <>R SPL DMN
Control hearing L+RIC,n=5 1 R operculum <> R SFG Sensori-
n=19 loss in- operculum 1 Posterior R operculum <> L SFG motor-
cluded ROIs, n=7 41 Posterior R operculum <> L IPL auditory
as co- whole brain rs Whole brain RSN analysis found en- Fronto-
variate in networks hanced FC with sensorimotor-auditory parietal
analysis network & frontoparietal network
Zhang et al. Tinnitus Normal Age L+R thalamus 1 L thalamus <> R angular gyrus Auditory
2015 [80] n=31 audio- Sex 1 L thalamus <> R MCC Visual
Control gram Hearing thresholds 1 L thalamus <> L CPL DMN
n=33 Years of education 4 R thalamus <> L PCC
Handedness 1 R thalamus <> L+R CPL

J L thalamus <> R MTG*

4 L thalamus <> R MOC

J L thalamus <> L MFG

J L thalamus <> R PCG

J L thalamus <> L+ R calcarine cor-
tex

J R thalamus <> L STG**

4 R thalamus <> L amygdala

J R thalamus <> R SFG

4 R thalamus <> L PCG

J R thalamus <> L MOG
*Negatively correlated with THQ
score (r=-0.482, p=0.011).
**Negatively correlated with tinnitus
duration (r=-0.454, p=0.017)
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Table 1 (Continued)

Study Sample Hearing Control matching ROI/seed Findings of increased 1 or decreased Networks
size loss J FC (tinnitus vs. control) implicated
Schmidt MRTIN Yes, Age L+R PAC, For all tinnitus groups vs. controls or DMN
et al. 2017 n=13 matched Sex DMN (com- long- vs. short-term tinnitus: DAN
[64] MLTIN_1 Hearing thresholds bined: mPFC, 1 DAN <> precuneus
n=12 (in the case of the PCC), DAN 1 DAN <> region near L PCG (un-
MLTIN_2 HL control group) (combined: specified);
n=17 L+RIPS, 4 DMN <> precuneus
BLTIN L+R FEF) 4 DMN <> FMC
n=15 J DMN <> & lateral SOC
Controls No differences were found between
NHn=15 mild and bothersome tinnitus sub-
Controls groups
HL n=13
Wineland Tinnitus Yes, not Sex 58 spherical None found None found
etal. 2012 n=18 matched seed-regions to
[76] Controls reflect 7 net-
n=23 works: DAN,
VAN, DMN,
auditory, cog-
nitive, visual,
somatosensory
Burton et al. Tinnitus Yes, not Age Auditory 1 LIFG <> R Al Auditory
2012 [12] n=17 matched (L+R PAC), 4 L+R PAC <> occipital pole Visual
Controls Visual (R V1, J L+R PAC <> L POS Attention
n=17 L cuneus), 4 L+R PAC <> calcarine sulcus control
Somatosensory J L+R PAC <> cuneus
(R PoCG, J L+R PAC <> lingual gyri
L PO), 4 RV1<>LSTF
DAN 4 RV1 <> L sulcal AC
(L+RIPS, J R V1 <> L rostral insula
L FEF, R VIS), J RV1<>LIFG
VAN (R TPJ, J RAI<>L+R mOC
R STS), J RAI<>L+R10C
Attention J LIFG <> mOC
control
(R MFG, R Al
L+RIFG)
Minami et Tinnitus Yes, not Not given HG, planum ROI names and statistics are not legi- Auditory
al. 2018 HL n=18 matched temporale, ble in figures due to poor image qual-
[53] Tinnitus planum polare, ity.
NHn=11 operculum, According to authors FC in auditory
Control insular cortex, ROIs was weakened in tinnitus
n=19 STG
Lee et al. Tinnitus Yes Intra-subject com- 58 spherical Participants modulated their tinnitus None found
2012 [48] n=16 parison seed regions using orofacial maneuvers and served
Control in 7 networks: as their own baseline, but no differ-
n=0 DMN, DAN, ences were found
VAN, cogni-
tive/control,
auditory,
visual, so-
matosensory

<> functional connectivity, ROI region of interest, PAC primary auditory cortex, MGB medial geniculate body, /C inferior colliculus,

FC functional connectivity, L left, R right, DMN default mode network, ACC anterior cingulate cortex, PCC posterior cingulate cortex,
mPFC medial prefrontal cortex, IPL inferior parietal lobule, STG superior temporal gyrus, HG Heschl’s gyrus, SMA supplementary motor
area, DAN dorsal attention network, NA nucleus accumbens, THI Tinnitus Handicap Inventory, rs resting-state, SFG superior frontal gyrus,
MCC middle cingulate cortex, CPL cerebellar posterior lobe, MOC middle orbitofrontal cortex, PCG precentral gyrus, MRTIN mild recent
tinnitus, MLTIN mild long-term tinnitus, BLTIN bothersome long-term tinnitus, NH no hearing loss, HL hearing loss, IPS intraparietal sulcus,
FEF frontal eye field, FMC frontal medial cortex, SOC superior occipital cortex, VAN ventral attention network, VI primary visual cortex,
PO parietal operculum, VIS ventral intraparietal sulcus, TPJ temporoparietal junction, STS superior temporal sulcus, Al anterior insula,

POS parietal occipital sulcus, mOC medial occipital cortex, /OC lateral occipital cortex
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Table 2 Main findings of directional seed-based studies

Study Sample Hearing ~ Control ROV/ Findings of increased 1 or decreased |, FC (tinnitus vs. con- Networks
size loss Matching seed trol) implicated
Chen Tinnitus Normal Age L+R SFG 1L SFG— L OFC* Motor
et al. n=24 audio- Sex ML SFG — L PCG Visual
2016 Control gram Hearing ML SFG— L PLC Frontal
[18] n=22 thresholds 1L SFG — R MOG Somato-
Years of MR SFG — R SMA** sensory
education * Positively correlated with THQ scores (r=0.504, p=0.020).
** Positively correlated with THQ scores (r=0.526, p=0.014)
Chen Tinnitus Normal Age L+R amyg- 1 L amygdala— L STG* Auditory
et al. n=26 audio- Sex dala, 4 L+R amygdala— L ACC Limbic
2017 Control gram Hearing L+Rhip- 1 L amygdala— R angular gyrus system
[19] n=23 thresholds ~ pocam- 4 L amygdala— L precuneus DMN
Handedness pus 1 L amygdala < R MFG DAN
Years of 1 L+R amygdala <— L MTG Executive
education 1 L amygdala <— L IFG control of
1 L amygdala <— L PoCG attention

1 R amygdala— R MFG

1 R amygdala— R STG**

1 R amygdala— R SMG

1 R amygdala <— L MTG

1 R amygdala <— R PoCG

4 L Hippocampus — L MTG

1 L Hippocampus — L PoCG

1 L Hippocampus <— R SFG

1 L Hippocampus <— L Parahippocampal gyrus

1 L Hippocampus <— L Insula

1 R hippocampus — L TTG*#**

4 R hippocampus — R MTG

1 R hippocampus — R PoCG

1 R hippocampus <— L MTG

1 R hippocampus <— L+ R MFG

4 R hippocampus <— L angular gyrus

J L amygdala— L PLC

J R amygdala— R PLC

4 L hippocampus — L MOG

4 R hippocampus — R MOG

* positively correlated with THQ scores (r=0.570, p=0.005).
** positively correlated with THQ scores (r=0.487, p=0.018).
**%* positively correlated with tinnitus duration (r=0.452,

p=0.030)
Xu et al. Tinnitus Normal Age L+R ML NAc— L IFG Fronto-
2019 n=>50 audio- Sex NAc 4 L NAc < R MFG* striatal
[77] Control gram Hearing 4 L Nac < R MTG. circuit
n=>55 thresholds 1 R NAc — L MFG** Limbic
Years of 1 R NAc — R OFC#*#* system
education 1 R NAc < R IFG

1 R NAc < R MTG

J L NAc— L Cuneus

J R NAc— R Cuneus

* Positively correlated with THQ scores (r=0.626, p<0.001).
**Positively correlated with THQ scores (r=0.357, p=0.015).
**%* Positively correlated with tinnitus duration (r=0.599,
p<0.001)

<>functional connectivity, ROI region of interest, L left, R right, SFG superior frontal gyrus, OFC orbitofrontal cortex, PCG precentral gyrus,
PLC posterior lobe of cerebellum, MOG middle occipital gyrus, SMA supplementary motor area, THQ Tinnitus Handicap Questionnaire,
DMN default mode network, DAN dorsal attention network, STG superior temporal gyrus, TTS transverse temporal gyrus, NAc nucleus
accumbens, /FG inferior frontal gyrus, MFG middle frontal gyrus, MTG Middle temporal gyrus
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Table 3 Main findings of non-seed-based studies

Study Sample Hearing Control Analysis Findings of increased 1 or decreased |, values/FC Networks
size loss Matching (tinnitus vs. control) implicated
Cai et al. Tinnitus Normal Age smALFF 1 smALFF values in L HAC, which was posi- Auditory
2019 [13] n=16 audiogram Sex & seed- tively correlated with tinnitus duration (r=0.778, Motor
Control Years of based p>0.001), Tinnitus Handicap Inventory Score DAN
n=15 education FC (r=0.682, p=0.004), and Self-Rating Depression Executive
Score (r=0.694, p=0.003); control
L HAC <> a wide range of regions (see Table S1); Emotion
4 smALFF value in R Inferior Colliculus, not corre-
lated to any clinical characteristics
Chen et al. Tinnitus Normal Age ALFF 1 ALFF values in R MTG, R SFG, and R angular Auditory
2014 [17] n=31 audiogram Sex gyrus. DMN
Control Hearing J ALFF values in L cuneus, R MOG, and L+R tha- Visual
n=32 thresholds lamus
Handedness
Years of
education
Chen et al. Tinnitus Normal Age ALFF/ 1 ALFF values in R SFG*, R MTG, R angular Auditory
2015 [21] n=39 audiogram Sex fALFF gyrus, L IFG, and R SMG DMN
Control Hearing 4 ALFF values in L+ R MOG Visual
n=41 thresholds 4 fALFF values in L SFG** and R SMG
Years of J fALFF values in L+R MOG.
education *Positively correlated with THQ score (r=0.446,
p=0.007) and tinnitus duration (r=0.544, p=0.001).
** Positively correlated with THQ score (r=0.466,
p=0.005) and tinnitus duration (r=0.526, p=0.001)
Han et al. Tinnitus Normal Age ReHo, 1 ReHo values in R MTG & R cuneus Auditory
2018 [36] n=25 audiogram Sex fALFF J ReHo values in R MFG & cerebellar anterior lobe DMN
Control Hearing & seed- 1 fALFF values in R MTG Visual
n=25 thresholds based J RMTG <> R MFG*
Years of FC J{ RMTG <> R lingual gyrus
education 4 RMTG <> R cerebellar posterior lobe
HQ score 4 R cuneus <> R MTG
* Positively correlated with Tinnitus Handicap In-
ventory score (r=0.675, p=0.001)
Chen et al. Tinnitus Normal Age ReHo 1 ReHo values in L+ R Al L IFG and R SMG Attention
2015 [23] n=29 audiogram Sex & seed- J ReHo values in L cuneus DMN
Control Hearing based 1 L Al <> L MFG* Visual
n=30 thresholds FC P LAI<>RITG
Years of 1 L AI <> R precuneus
education 4 R Al <> R MFG**
P RAI<>R STG
1 R Al <> L precuneus
P RAI<>LPCC
1 LIFG <> R MFG
1 LIFG <> R ITG
1 LIFG <> R ACC
PR SMG <> L IFG
TR SMG <> R OFC.
* Positively correlated with THQ score (r=0.459,
p=0.012).
** Positively correlated with THQ score (r=0.479,
p=0.009)
Gentil et al. Tinnitus Yes, Age ReHo J ReHo values in cluster between STG/MTG over- Auditory
(2019) [31] n=19 mild, not Handedness & cor- lapping auditory cortex
Control matched Years of relation Significant correlations between tinnitus clinical
n=16 education analysis characteristics and several brain regions (see Table

S1 for specifics)
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Table 3 (Continued)

Study Sample Hearing Control Analysis Findings of increased 1 or decreased |, values/FC Networks
size loss Matching (tinnitus vs. control) implicated
Chen et al. Tinnitus Normal Age VMHC 4 VMHC values in bilateral MTG, MFG & SOG Auditory
2015 [20] n=28 audiogram Sex & cor- Significant positive correlation between VMHC Visual
Control Hearing relation values in tinnitus patients and clinical characteristics: Motor
n=30 thresholds analysis THQ score & TTG (auditory cortex) (r=0.63775); DMN
Years of THQ score & STP (r=0.71195); THQ score & PCG Limbic
education (r=0.64225); THQ score & CC (r=0.65234); system
Uncus & tinnitus duration (r=0.62026)
Zimmerman Tinnitus Mild- Age Cyclicity  Cyclicity analysis was able to differentiate between Auditory
et al. 2019 n=32 moderate BDI and analysis tinnitus and control groups with 58—-67% accuracy. DMN
[81] Control high fre- BAI scores Temporal patterns in rs-fMRI data were less consis- DAN
n=15 quency tent in tinnitus patients than in controls. VAN
hearing Twenty regions contributed the most towards dis- Attention
loss tinguishing the tinnitus and controls groups using control
machine learning classification methods (see Table Limbic
S1 for specifics) system

<>functional connectivity, smALFF smoothed mean amplitude of low-frequency fluctuations, HAC higher auditory cortex, DAN dorsal attention
network, F'C functional connectivity, ALFF amplitude of low-frequency fluctuations, MTG middle temporal gyrus, SFG superior frontal gyrus,
MOG middle occipital gyrus, DMN default mode network, fALFF fractional amplitude of low-frequency fluctuations, /FG inferior frontal gyrus,
SMG supramarginal gyrus, ReHo regional homogeneity, MFG middle frontal gyrus, Al anterior insular cortex, I7G inferior temporal gyrus,
STG superior temporal gyrus, PCC posterior cingulate cortex, ACC anterior cingulate cortex, VMHC voxel-mirrored homotopic connectivity,
SOG superior occipital gyrus, TTG transverse temporal gyrus, STP superior temporal pole, PCG precentral gyrus, CC calcarine cortex,

HQ Hyperacusis Questionnaire, BDI Beck’s Depression Inventory, BAI Beck’s Anxiety Inventory, THQ Tinnitus Handicap Questionnaire

Data-driven Studies: Independent Component Analysis
(ICA)

Three studies used ICA followed by seed-based FC anal-
ysis. ICA is a mathematical technique to separate a set
of data into components based on statistical independence.
This data-driven technique can be applied to rs-fMRI data to
identify spatially distinct resting-state networks [47]. This
means the user does not have to define an a priori region of
interest as in seed-based studies. The studies below visually
selected the auditory component based on the ICA outcome
and used this as a region of interest in the seed-based FC
analysis. The main findings are presented in Table 4 below;
see Table S1 for an extended version.

Discussion

This scoping review identified 29 primary research studies
that investigated resting-state networks in tinnitus patients.
The majority of these studies (n=26) found that resting-
state networks as measured with fMRI were altered in tin-
nitus patients when compared to controls. Alterations were
found in a variety of resting-state networks, most notably
the auditory network (n=19), the default mode network
(n=17), visual network (n=14), the attention networks:
dorsal attention network (n=7), ventral attention network
(n=1), attention/executive control network (n=9), and the
limbic system (n=38). It is important to note that the fre-
quency of these findings depends largely on the chosen re-

gion of interest in the papers. The next paragraphs present
a narrative discussion of the findings for these networks.

Network Changes in Tinnitus
Auditory Network in Tinnitus

Tinnitus is an auditory perception, leading to the hypothesis
that the auditory network in tinnitus patients is altered com-
pared to controls. To investigate auditory network changes
in tinnitus, several studies placed seeds in primary audi-
tory cortex (PAC) or Heschl’s gyrus (HG), or lower on the
auditory pathway.

Fig. 3 presents the findings of SCA studies that used au-
ditory regions of interest in their analysis. There were more
findings of increased functional connectivity (FC) using au-
ditory seeds than there were decreased findings but as Fig. 3
shows results were very mixed. For bilateral thalamus and
PAC, both increased and decreased connections were found
in tinnitus compared to controls.

Berlot et al. [7] used a high resolution 7 Tesla MRI scan-
ner to investigate frequency specific responses in subcor-
tical regions of the auditory pathway, such as the inferior
colliculus (IC) and the medial geniculate body (MGB) in
6 tinnitus patients compared to 6 hearing-matched controls.
They first used task-based fMRI to build tonotopic maps,
but they did not find any differences in tonotopic organi-
zation between tinnitus patients and controls. They did not
find evidence for an overrepresentation of tinnitus pitch at
any level of the auditory hierarchy either. Placing seeds in
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Table4 Main findings of studies using Independent Component Analysis

Study Sample Hearing Control Analysis Main finding (tinnitus vs. control) Network
size loss Matching impli-
cated
Davies et Tinnitus Mild- Age ICA +seed- None found (result did not survive multiple compar- None
al. 2014 n=12 moderate Sex based FC ison correction) found
[26] Control high-fre- Hearing Total n compo-
n=11 quency thresh- nents created:
hearing olds 23
loss BDI
& BAI
scores
Maudoux Tinnitus Mild-to- Age ICA + seed- 4 Auditory component <> L+ R PHG Auditory
etal. 2012 n=13 severe Sex based FC 4 Auditory component <> L+ R brainstem/ Attention
[50] Control hearing Total n compo- cerebellum Emotion
n=15 loss, not nents created: 1 Auditory component <> L PCG Memory
matched 30 4 Auditory component <> L STG Visual
Auditory 4 Auditory component <> L IFG
component: 4 Auditory component <> R basal ganglia
L+R Hes- 4 Auditory component <> R PFC
chl’s Gyrus, 4 Auditory component <> L PoCG
L+R STG, and 4 Auditory component <> R OFC
L+R Insula 4 Auditory component <> R IPL
J Auditory component <> L SFG
J Auditory component <> L Fusiform gyrus
J Auditory component <> R STG
J Auditory component <> L + R Occipital cortex
J Auditory component <> L PFC
Schmidt Tinnitus Moderate-  Age ICA + seed- 1 Auditory component <> L Lingual Gyrus Auditory
et al. 2013 n=12 severe Sex based FC (TIN>NH) DAN
[63] NH con- high-fre- Hearing Total n compo- 1 Auditory component <> L Parahippocampus DMN
trol n=15 quency thresh- nents created: (TIN>NH) Motor
HL con- HL olds 30 1 DAN <> R Parahippocampus (TIN >HL) Limbic
trol n=13 (for HL Auditory 4 DMN <> R Fusiform Gyrus (TIN>HL) system
control component: 1 DMN <> R Lingual Gyrus (TIN>HL)
group) L+RPAC J DAN <> R SMG (HL> TIN)
J DMN <> L Precuneus (HL > TIN)
J DMN <> L PCG (HL > TIN)

J DMN <> L Cerebellum (HL > TIN)
J DMN <> L Cerebellar Vermis (HL > TIN)
J DMN <> and R Precuneus (NH > TIN)

BDI Beck’s Depression Inventory, BAI Beck’s Anxiety Inventory, /CA independent component analysis, FC functional connectivity, L left,
R right, STG superior temporal gyrus, PHG parahippocampal gyrus, PCG precentral gyrus, IFG inferior frontal gyrus, PFC prefrontal cortex,
PoCG postcentral gyrus, OFC orbitofrontal cortex, /PL inferior parietal lobule, SFG superior frontal gyrus, TIN tinnitus, NH normal hearing,
HL hearing loss, PAC primary auditory cortex, DAN dorsal attention network, SMG supramarginal gyrus

PAC, they did find decreased FC with non-primary audi-
tory cortex. They also found decreased FC between PAC
and the MGB. These reductions were seen not only in vox-
els responsive to the tinnitus frequency, but also in control
voxels.

Zhang et al. [80] investigated thalamocortical FC in
tinnitus patients with normal hearing (n=31) compared to
matched controls (n=33). They placed seeds in bilateral
thalamus and found decreased FC between right thala-
mus and left superior temporal gyrus (STG) or Brodmann
Area 42 (BA 42), which is part of non-primary auditory
cortex. This finding was correlated with tinnitus duration
(r=-0.454, p=0.017). They also found decreased FC be-
tween left thalamus and left MTG or BA 21, which is also
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part of non-primary auditory cortex, which was correlated
with tinnitus severity score (r=-0.482, p=0.011). The ob-
served reduced coupling between thalamus and auditory
areas is in line with findings from Berlot et al. [7].
Theories of increased gain involve the MGB, of which
two models of tinnitus pathology place a central role on
MGB: thalamocortical dysrhythmia (TCD) and the fron-
tostriatal gating hypothesis. The TCD hypothesis suggests
hyperpolarization of the MGB results in an MGB firing
mode-switch [49]. The frontostriatal gating hypothesis [57]
suggests tinnitus arises due to a breakdown of limbic-au-
ditory interactions at the level of the thalamus, or more
specifically from a thalamic reticular nucleus based release
of MGB inhibition. Based on these models, one would intu-



Resting-state Networks in Tinnitus

Fig.3 Findings of increased or
decreased auditory connectivity
in tinnitus patients compared
to controls. Labels reflect ROIs
used in the papers. Red indi-
cates increased connectivity,
and green indicates decreased
connectivity. The thickness of
the ribbons reflects the number
of identified increased or de-
creased connections for that re-
gion. L-HG Left Heschl’s gyrus,
L-IC Left Inferior Colliculus,
L-PAC Left Primary Auditory
Cortex, L-STG-BA22 Left Su-
perior Temporal Gyrus (BA22),
R-IC Right Inferior Colliculus,
R-PAC Right Primary Auditory
Cortex, AudCompl Auditory
Component consisting of Bi-
lateral Auditory Cortex and
Bilateral Non-Primary Auditory
Cortex, AudComp?2 Bilateral
Transverse Temporal Gyrus,
Bilateral Superior Temporal
Gyrus and Bilateral Insula, Au-
dComp3 Auditory Component
consisting of Bilateral Primary
Auditory Cortex

L-STG-BA22

itively expect increased PAC-MGB connectivity, rather than
decreased connectivity, as was observed in Berlot et al. [7].
Several studies have found increased auditory connec-
tivity in tinnitus. Hinkley et al. [40] found increased FC
between bilateral PAC and non-primary auditory cortex, as
did Cai et al. [13]. Job et al. [44] placed seeds in bilateral
HG, bilateral IC, and bilateral MGB. They did not observe
any altered connectivity with the MGB in patients with
non-bothersome tinnitus following acoustic trauma (n=19)
compared to controls (n=19), as opposed to Berlot et al.
[7]; however, they did observe increased FC between left
HG and posterior cingulate cortex (PCC), an important re-
gion of the DMN (also see Sect. Default Mode Network
in Tinnitus). Next to that, they observed increased FC be-
tween bilateral IC and right superior parietal lobule (SPL).
The IC is known for its role in auditory integration, and
the SPL is thought to be involved with cognitive control, so
one explanation for a disturbed link between IC and SPL
could be the difficulty of filtering out the tinnitus signal.
Also, the four studies using ALFF all found increased
ALFF values in auditory regions [13, 17, 21, 36], indicating

AudComp1

R-Th alamus

reased

Connectivity nc,

Connectivity Reduced

stronger intensity of regional neuronal activity in AC in
tinnitus patients.

In summary, altered FC as well as increased ALFF has
been found along the auditory pathway in tinnitus patients
compared to controls; however, there is a dichotomy be-
tween studies finding increased FC and studies finding de-
creased FC along the auditory pathway. Potentially, this
dichotomy could be explained by tinnitus heterogeneity, as
these groups had differences with respect to the presence
of hearing loss, the laterality of tinnitus, the duration of
tinnitus, and tinnitus severity. Alternatively, as studies were
small-scale, the contradictory results could also reflect false
positives.

Default Mode Network in Tinnitus

The DMN has been described to consist of ventral medial
prefrontal cortex (mPFC), PCC, IPL, lateral temporal cor-
tex, dorsal medial prefrontal cortex, and the hippocampal
formation. It is active when individuals are not perform-
ing any external task but is engaged in internal cognitive
processes, such as mind-wandering or thinking about the
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future [11]. As tinnitus is mainly experienced at rest, which
is when the DMN is most active, it has been hypothesized
that aberrant functioning of the DMN may be involved
with tinnitus pathophysiology. The continuous awareness
of a sound might put the tinnitus patient in a task state,
therefore disrupting the DMN. Aberrant connectivity of the
DMN was found in several studies included in this review,
but studies do not agree on whether the connectivity is in-
creased or decreased.

The precuneus is a hub of the DMN [70] which was im-
plicated in several studies in this review. Chen et al. [15]
and Chen et al. [16] found increased FC between ACC and
left precuneus, which was correlated with tinnitus sever-
ity (r=0.507, p=0.008) and tinnitus duration (r=0.451,
p=0.007). Chen et al. [15] also found increased FC between
PCC and right mPFC, both regions within the DMN, which
was correlated with tinnitus distress (r=0.411, p=0.014).
Another study by the same group [22] again found increased
FC between PCC and right mPFC, this time correlated with
poorer performance on a cognitive test (trail making test B,
r=0.474, P=0.008), suggesting increased FC within the
DMN in tinnitus patients could be related to executive dys-
function.

Zhang et al. [80] found increased FC between right tha-
lamus and left PCC but did not observe any correlations
with tinnitus characteristics. Finally, Job et al. [44] found
increased FC between left HG and PCC in a group of non-
bothersome tinnitus patients.

As opposed to these studies that found increased FC with
DMN, Schmidt et al. [64] found decreased FC between pre-
cuneus and the rest of the DMN. They placed seeds in bilat-
eral PAC, in the DMN, and in the DAN, and compared con-
nectivity across tinnitus subgroups of mild, recent tinnitus
(n=13), mild, long-term tinnitus (r=29), and bothersome
long-term tinnitus (n=15). They also included a normal
hearing control group (n=15) and a hearing loss-matched
control group (n=13). No differences were found when
comparing the mild and bothersome tinnitus groups; how-
ever, when comparing tinnitus group to controls, or long-
term tinnitus to recent tinnitus, they found decreased FC
between seeds in the DMN and the precuneus, as well as
increased FC between seeds in the DAN and the precuneus.
This opposed pattern of increased/decreased connectivity of
precuneus with DAN and DMN, respectively, could be re-
lated to the anticorrelation observed between the DAN and
DMN in healthy subjects at rest, as the DAN is seen as
a “task-positive” network and the DMN as a “task-nega-
tive” network [30].

Considering the evidence above, it is unclear what aber-
rant connectivity of the DMN in tinnitus reflects: it could
be the awareness of a constant sound which disrupts the
resting-state, however, this is difficult to reconcile with find-
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ings of increased FC within the DMN, which were the most
common.

Attention Networks in Tinnitus

This paragraph discusses findings relevant to attention net-
works, including the DAN, VAN and executive control net-
works. There is some confusion around the nomenclature
of attention networks [33] as mentioned in the introduc-
tion, thus it was chosen to discuss them together. Van den
Heuvel and Hulshoff Pol [72], in their review of resting-
state fMRI, present findings in support of two lateralized
frontoparietal networks consisting of left and right superior
parietal and superior frontal regions. These two networks
are thought to be involved with processing of attention and
memory. A third frontal network consisting of bilateral me-
dial frontal cortex involved with executive control is also
reported.

Other resting-state studies have discussed attention net-
works as consisting of a ventral and a dorsal stream also in
frontoparietal regions [29]. The dorsal attention network is
bilateral and consists of intraparietal sulcus (IPS) and the
frontal eye fields (FEF). The ventral attention network is
right-lateralized and involves right temporal-parietal junc-
tion (TPJ) and right ventral frontal cortex. In tinnitus stud-
ies, some papers have used the frontoparietal definition for
attention networks, whereas other papers used the dorsal/
ventral distinction. Many papers have also distinguished
a frontal executive control or attention control network.

Job et al. [44] defined a seed at the node of the fron-
toparietal network based on the Human Connectome Project
(www.humanconnectome.org). They found increased FC
between this seed and the right middle frontal gyrus (MFG),
thought to be involved with cognitive control, in patients
with non-bothersome tinnitus compared to controls. Job
et al. [44] suggested that this could be a reflection of the
cognitive load tinnitus places on the sufferer either in main-
taining tinnitus awareness constantly or in trying to filter out
the tinnitus percept. They also placed a seed in the DAN,
but they did not find any changes in FC with this seed,
possibly due to the non-bothersome nature of the tinnitus
in their subjects.

Burton et al. [12] on the other hand investigated a cohort
of 17 bothersome tinnitus patients. They placed seeds in
6 networks, 1 being the attention control network (MFG,
anterior insula (Al) and inferior frontal gyrus (IFG)). Com-
pared to controls, they exhibited increased FC between left
IFG and right Al The alteration in this network could reflect
the increase in cognitive resources required in bothersome
tinnitus because of the ongoing effort of ignoring the tin-
nitus. Seeds were also selected in the DAN and VAN but
no altered connectivity was found. The controls were not
matched to the tinnitus group on hearing thresholds, and
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therefore it cannot be ruled out that the presence of high-
frequency hearing loss in the tinnitus group is associated
with the findings rather than the tinnitus itself.

Chen et al. [23] also found increased FC within the
attention control network. They chose their seed regions
based on ReHo analysis, which showed increased ReHo
values in bilateral AI, amongst other regions (see Table
S1 for details). Using bilateral Al as ROIs, they found in-
creased FC between left Al and left MFG, and right Al
and right MFG in normal-hearing tinnitus patients com-
pared to controls. These findings were positively corre-
lated with tinnitus severity scores (r=0.459, p=0.012 and
r=0.479, p=0.009, respectively). These findings suggest
that increased FC within the attention control network is
linked to tinnitus severity and it might reflect an increased
effort to maintain attention away from the tinnitus.

An ICA study also showed altered FC in attention
networks, this time in the DAN in tinnitus patients with
high-frequency hearing loss (n=12) compared to matched
hearing loss controls (n=13). Schmidt et al. [63] cre-
ated two DAN components using bilateral IPS seeds for
DAN_1 and bilateral FEF seeds for DAN_2. They found
that DAN_2 showed increased FC with parahippocampus
whereas DAN_1 showed decreased FC with right supra-
marginal gyrus (SMG). The authors suggested that the
increased FC with parahippocampus could be a compen-
satory attempt to manage the tinnitus by delegating to
limbic regions. Several other studies have shown associa-
tions between attention nodes and the limbic system (see
Sect. Limbic System in Tinnitus).

The results presented here suggest a complex relation-
ship between attention and emotion systems in tinnitus,
which is likely linked to tinnitus severity; however, there is
one major potential confound not addressed in the studies
on attention networks, which is that tinnitus patients partic-
ipating in a tinnitus brain imaging study are likely attending
to some extent to their tinnitus or their auditory modality in
general during the scan, whereas controls are far less likely
to deploy their attention in that way. Therefore, it is diffi-
cult to say if the results reflect increased attentional state
in general in the tinnitus group during the experiment, or if
the changes are due to the tinnitus itself.

Limbic System in Tinnitus

The limbic system is one of the evolutionarily older brain
systems and is involved with emotional processing. Core
regions are the (para)hippocampus, amygdala, nucleus ac-
cumbens (NAc), medial prefrontal cortex (mPFC) and ACC
[54]. It is thought that the limbic system is involved with
emotional reactions to tinnitus [43], and the parahippocam-
pal gyrus (PHG) establishes the auditory memory of tinnitus
and therefore prevents habituation to tinnitus [74].

This review found evidence of alterations in the limbic
system in chronic tinnitus patients. Chen et al. [14] inves-
tigated amygdala FC in normal hearing depressed tinnitus
patients compared to non-depressed tinnitus patients and
compared to controls. They found decreased FC between
amygdala and superior frontal gyrus (SFG) and MFG. The
FC between amygdala and SFG was also decreased for
non-depressed tinnitus patients compared to controls. The
prefrontal cortex is engaged with emotional processing and
executive functions and the authors suggest the altered con-
nections between amygdala and prefrontal cortex may play
a role in the attribution of negative emotional reactions to
tinnitus.

In another study using GCA, Chen et al. [19] investi-
gated FC of limbic structures (amygdala and hippocam-
pus) in tinnitus patients (n=26) with normal hearing com-
pared to controls with normal hearing (n=23). They did
not replicate the finding of decreased amygdala-prefrontal
FC. Instead, they found increased FC from right MFG and
left IFG to left amygdala, as well as increased FC from
right amygdala to right MFG, and from left MFG and right
IFG to right amygdala. The tinnitus patients in both studies
had similar tinnitus severity scores (mean Tinnitus Hand-
icap Questionnaire (THQ) score between 50 and 60 for
all groups) and similar tinnitus duration (means between
40 and 55 months), and all tinnitus sufferers had normal
audiograms, so it is unclear why amygdala-prefrontal FC
was increased in one group and decreased in the other.

The frontostriatal gating model involves limbic struc-
tures [57]. The theory poses that a frontostriatal network
including vmPFC, NAc and ACC evaluates the relevance
and emotional value of sensory stimuli and controls the flow
of information through interaction with auditory thalamic
regions. Xu et al. [77] investigated the frontostriatal circuit
in tinnitus patients without hearing loss (n=150) compared
with well-matched controls (n=55). They used GCA to in-
vestigate directional connectivity with bilateral NAc. They
found increased FC between NAc and regions in prefrontal
cortex which was positively correlated with THQ scores
(r=0.626, p<0.001) and with tinnitus duration (r=0.599,
p<0.001). Therefore, the findings show alterations in the
limbic system in tinnitus patients which were associated
with tinnitus severity and duration.

When considering evidence for the frontostriatal gating
model generated by resting-state fMRI research, it is im-
portant to separate the theory into two types of gating: one
where the tinnitus signal is persistently permitted to pass
through the thalamus to the cortex, which could explain
how tinnitus occurs at all, compared to a limbic-driven sys-
tem that decides moment-to-moment whether tinnitus en-
ters conscious awareness or not. The nature of resting-state
fMRI is such that any changes in the limbic systems in
tinnitus patients might reflect this latter system of the tin-
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nitus reaching conscious awareness rather than the “hard
problem” of tinnitus generation itself.

Visual Network in Tinnitus

Changes in FC with visual regions were commonly found
in the studies in this review. For example, Burton et al. [12]
placed seeds in primary visual cortex and in primary au-
ditory cortex in tinnitus patients with hearing loss (n=17)
and compared to normal hearing controls (n=17). They
found a phase reversal in resting-state activity between the
two systems characterized by negative correlations. When
BOLD signal went up in one system, it went down in the
other. The authors suggest this finding could reflect in-
hibitory circuits between the two systems, where activation
of one sensory system inhibits activation of the other, “non-
relevant” sensory system. In tinnitus patients, this would
mean the constant activation of the auditory modality be-
cause of the perception of a phantom sound, decreases the
activation of visual regions through inhibitory circuits.

Using ICA, Maudoux et al. [50] investigated connectivity
of the auditory network in tinnitus patients with mild-to-se-
vere hearing loss (n=13) compared to age-matched but not
hearing-matched controls (n=15). They selected 14 seed
regions in an automated way to create the auditory com-
ponent, and one finding was decreased connectivity with
occipital cortex. They also found increased FC with pre-
central and postcentral gyrus. The authors suggested the
links between the auditory system and visual and sensory-
motor network in tinnitus patients could have something to
do with clinical observations of tinnitus sufferers who are
able to modify their tinnitus perception using eye move-
ments or head and neck movements.

The studies above did not control for hearing loss, but
other studies that found alterations in visual networks in
tinnitus patients did. Zhang et al. [80] found decreased
FC between right thalamus and left middle occipital gyrus
(MOG) (visual association cortex), and decreased FC be-
tween left thalamus and bilateral calcarine cortex (primary
visual) in normal-hearing tinnitus patients (n=31) com-
pared to matched controls (n=33).

One study found decreased ALFF values in right MOG
[17] which they attributed to the tinnitus salience decreasing
spontaneous activity in the visual areas through auditory-
visual connections. The same group replicated this result in
Chen et al. [21] where they again found decreased ALFF
values this time in bilateral MOG.

No studies regarded alterations in the visual network as
a cause of tinnitus; all studies saw these alterations as effects
of the tinnitus.
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Methodological Challenges

The papers included in this review all demonstrated varia-
tions in methodology and study design. The most popular
analysis method was seed-based whole brain FC analysis;
however, the requirement of selecting a priori regions of
interest in this analysis method poses problems for repro-
ducibility of results. Only a few studies chose the exact
same ROIs to investigate, and therefore the field is lack-
ing reproducibility. Also, some studies used an “eyes open”
paradigm for the resting-state acquisition whereas others
used an “eyes closed” paradigm, which could explain some
of the heterogeneity in findings, as the choice of paradigm
was previously shown to affect visual and auditory connec-
tivity [1].

Another concern is the heterogeneity of tinnitus groups.
Tinnitus can be characterized in a lot of different ways
and therefore careful selection of participants is required.
Of 29 studies 15 included only tinnitus sufferers and con-
trols without a hearing loss visible on a standard audiogram,
which makes hearing loss controlled for as a covariate; how-
ever, a concern would be that the results of these studies
are not generalizable to the tinnitus community at large, as
up to 80% of tinnitus patients are estimated to have hearing
loss [38, 75].

Another source of variation between papers could come
from fMRI data preprocessing decisions. These largely de-
pend on the software package used. As most studies in
this review used a version of statistical parametric mapping
(SPM), preprocessing pipelines were similar. Some differ-
ences were found in the use of band-pass filtering to extract
the resting-state data, where the frequencies that the filter
was applied to ranged from 0.008-0.08 Hz to 0.01-0.1 Hz.
This is common practice in rs-fMRI research, but concerns
have been raised that limiting the data to this frequency
band might lose valuable information, as RSNs such as the
DMN have been identified in higher frequency bands as
well [10].

One concern is whether FC differences should be con-
sidered a cause or an effect of tinnitus, which cannot be
inferred based on correlational resting-state data. It is dif-
ficult to determine what the altered FC reflects, as tinnitus
involves many different cognitive components. Alterations
in the visual network are usually considered an effect of
the tinnitus. It is less clear how to interpret changes in the
DMN and attention networks. A concern is how many of
these findings are not only not a cause of tinnitus, but also
not specific to tinnitus. It is likely that many of the changes
in brain states observed in resting-state fMRI are common
to all chronic symptomatic conditions that can cause dis-
tress and affect attentional states (e.g. chronic pain), and
are therefore not specific to tinnitus.
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A potential major confound in tinnitus resting-state re-
search is attentional deployment [65]. The instructions for
subjects in an MRI scanner for the resting-state task is usu-
ally “relax and do not think of anything in particular”; how-
ever, one might expect that tinnitus patients participating in
such an experiment will spend some time focussing atten-
tion on their tinnitus, whereas the controls without tinnitus
have no such focussed attention.

Future Directions

Longitudinal studies of rs-fMRI and tinnitus could in theory
address the issue of making inferences about causality dis-
cussed above. The difficulty here is to find tinnitus patients
with such recent onset tinnitus, as by the time most people
with recent onset tinnitus are seen by the health services,
it is probably already too late. An alternative would be to
use non-invasive brain stimulation or residual inhibition to
alter the tinnitus state and to use rs-fMRI before and after
the intervention.

Future research could also combine rs-fMRI with meth-
ods such as diffusion tensor imaging (DTI) to see whether
changes in functional connectivity are reflected in white
matter tracts. Van den Heuvel et al. [73] successfully used
DTI to show that RSNs reflect the underlying anatomy of
white matter tracts. It would be interesting to investigate
this in tinnitus, and if there is a link with tinnitus duration.

Besides these novel approaches, future studies should fo-
cus on replicating previous findings by selecting the same
ROIs and using the same methodology, to increase replica-
bility of findings in the field. These studies should exclude
participants with a history of neurological or psychiatric
disorders, as this is known to affect functional connectivity.
This review did not exclude studies that did not explicitly
state whether they included or excluded these participants,
but rather just lists each study’s exclusion criteria in sup-
plemental table S1, which is a shortcoming of this review.

Future studies could also evaluate differences within the
tinnitus populations, such as laterality, cause, pitch, pres-
ence of hearing loss, and duration. They should also try
to control for differences in attentional deployment in the
scanner between tinnitus patients and controls. A first step
towards this could be to ask participants after their scan
what they were thinking about, and if they were aware of
their tinnitus during the scan. It is likely that some people
can still hear their tinnitus in the MRI scanner and others
cannot, depending on the maskability of their tinnitus. Con-
trolling for sound stimulation is a known limitation of fMRI
studies in the field, which future studies might want to ad-
dress by comparing a traditional resting-state paradigm to
a task such as “actively try to listen to your tinnitus”.

Future studies should also be more hypothesis-driven to
avoid post hoc interpretations of findings. They should aim

to prove or disprove established tinnitus theoretical models.
Next to providing crucial insights into the neurophysiology
of tinnitus, this direction of research outlined above could
potentially lead to the identification of a biomarker for tin-
nitus. This could then be used in the development of new
management strategies, or as an objective tool to track ef-
ficacy of interventions.

Consultation Stage

The final stage of the scoping review framework is to con-
duct a consultation stage to gather insight from experts in
the field. Six experts were invited to read the manuscript
before submission and give their opinion about the findings
and potential future directions. Three questions were asked:

1. Do the findings in the scoping review overlap with the
impression of the field you currently hold?

2. What do you think the future direction should be for tin-
nitus and brain imaging/fMRI research?

3. Are there any important points worth addressing in the
review that you think we missed?

Five experts replied with their thoughts. Their overall
opinion was the findings aligned with their impression of
the field. Several experts noted the problem of multiple
comparisons in the resting-state fMRI literature. Seed-based
functional connectivity studies often test a large number of
different ROIs, and often it is unclear how correction for
multiple comparisons was applied as there is no standard
in the field on how to implement this. Therefore, the field
likely suffers from false positives, which could explain why
findings are divergent and sometimes directly opposing.

The need to focus on how this research could help patient
care in the future was also pointed out. In order to move
forward on this, tinnitus subtyping along with controlling
carefully for confounds will be necessary. Also, future stud-
ies should focus on the “hard problem” of tinnitus, which is
how it is generated in the first place, rather than secondary
effects of the tinnitus. The complexity here is that the tinni-
tus generation itself is likely a very subtle alteration, which
has smaller impact on distributed brain activity than its far-
reaching consequences on attention and distress, which are
reflected in the significant correlations between tinnitus dis-
tress/severity scores and tinnitus duration with resting-state
patterns.

Conclusion

This scoping review included 29 primary research papers
investigating resting-state functional connectivity in tinni-
tus patients. Alterations were found in widely distributed
brain networks, including the auditory network, DMN, at-
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tention networks, limbic system and visual network. The
results show that tinnitus is a complex condition involv-
ing multiple overlapping networks, but it is unclear which
changes are primary and which are secondary to tinnitus.
Future studies should focus on replicating findings and sub-
typing tinnitus groups, and testing a priori hypotheses and
theoretical models of tinnitus, which could potentially lead
to the identification of a biomarker for tinnitus.
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