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Abstract

Tinnitus is a widespread auditory disorder affecting approximately 10-15% of the population,
often with debilitating consequences. Although tinnitus commonly begins with damage to the
auditory system due to loud-noise exposure, aging, or other etiologies, the exact
neurophysiological basis of chronic tinnitus remains unknown. Many researchers point to a central
auditory origin of tinnitus; however, a growing body of evidence also implicates other brain
regions, including the limbic system. Correspondingly, we and others have proposed models of
tinnitus in which the limbic and auditory systems both play critical roles and interact with one
another. Specifically, we argue that damage to the auditory system generates an initial tinnitus
signal, consistent with previous research. In our model, this “transient” tinnitus is suppressed when
a limbic frontostriatal network, comprised of ventromedial prefrontal cortex and ventral striatum,
successfully modulates thalamocortical transmission in the auditory system. Thus, in chronic
tinnitus, limbic-system damage and resulting inefficiency of auditory-limbic interactions prevents
proper compensation of the tinnitus signal. Neuroimaging studies utilizing connectivity methods
like resting-state fMRI and diffusion MRI continue to uncover tinnitus-related anomalies
throughout auditory, limbic, and other brain systems. However, directly assessing interactions
between these brain regions and networks has proved to be more challenging. Here, we review
existing empirical support for models of tinnitus stressing a critical role for involvement of “non-
auditory” structures in tinnitus pathophysiology, and discuss the possible impact of newly refined
connectivity techniques from neuroimaging on tinnitus research.
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1. Introduction

Chronic subjective tinnitus is a common auditory disorder in which patients experience
ringing or buzzing “in the ear” in the absence of an external source of that perceived sound.
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There is a wealth of evidence linking tinnitus to dysfunction throughout the auditory system
(Eggermont and Roberts, 2004; Roberts et al., 2010). However, an ever-growing number of
studies, typically utilizing neuroimaging in humans, have identified tinnitus-related
differences in function and anatomy outside central auditory pathways, particularly in
structures considered to be part of the limbic system. Even if one were to assume that these
limbic changes are the consequence (not the cause) of tinnitus, it seems that understanding
central auditory dysfunction alone may not be sufficient to understand chronic tinnitus. We
have previously proposed that chronic tinnitus is, in fact, caused by compromised limbic
fronto-striato-thalamic circuits, which result in disordered evaluation of the tinnitus
sensation’s perceptual relevance and, thus, disordered gain control of the tinnitus percept
within thalamo-cortical auditory networks [Figure 1; (Leaver et al., 2011; Mihlau et al.,
2006; Rauschecker et al., 2010)]. Although fronto-striatal circuits and other limbic structures
may also regulate emotion and mood (Bar, 2009; Blood et al., 1999; Ressler and Mayberg,
2007), their involvement in tinnitus pathophysiology suggests they may be part of a more
general “appraisal network,” determining which sensations are of value, and ultimately
affecting how (or whether) those sensations are experienced (Breiter et al., 2001; Kable and
Glimcher, 2009). Although details vary, several other prominent theories of tinnitus
pathophysiology also propose network-level disturbances involving brain regions both
within and outside of the central auditory system (De Ridder et al., 2011; Eggermont and
Roberts, 2004; Jastreboff, 1990; Levine et al., 2003; Mgller, 2003). Most of the underlying
data, however, consist of (highly variable) localized activations, so, clearly, there is a need
for research examining the potentially complex interactions between brain regions and
networks.

Connectivity analyses of human neuroimaging data will be critical for testing these current
models of tinnitus, and for ultimately achieving a network-level understanding of tinnitus
neuropathophysiology. Diffusion and functional resting-state connectivity magnetic
resonance imaging (MRI) are relatively new techniques that allow inferences about
anatomical (diffusion) and functional (resting-state) connections and relationships between
brain structures (Figure 2). Diffusion MRI measures water diffusion to infer direction and
density of white matter tracts /7 vivo (Le Bihan, 2003; Pierpaoli et al., 1996); functional
connectivity MRI measures temporal coherence in brain activity to infer functional
connections between brain areas (Fox and Raichle, 2007). Similar functional connectivity
analyses are also applied to EEG and MEG data, in which relationships are measured
between brain regions, albeit with coarser spatial resolution. There has been an explosion in
the use of both of these techniques in tinnitus research in recent years (Boyen et al., 2014;
Crippa et al., 2010; Husain and Schmidt, 2014; Mahoney et al., 2011; Maudoux et al.,
2012a, 2012b; Seydell-Greenwald et al., 2014b). However, although connectivity studies
support existing evidence of anatomical and functional anomalies in specific isolated
regions, using these techniques to verify the complex network dysfunction between regions
proposed by current tinnitus models continues to present significant challenges. Therefore, it
remains unclear what influence, if any, tinnitus-related anomalies in limbic and other non-
auditory brain structures have on auditory-system dysfunction in chronic tinnitus. In this
review, we first outline current evidence from human neuroimaging supporting the
involvement of auditory and non-auditory structures in tinnitus pathophysiology, with
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emphasis placed on our own contributions, as supported by the Tinnitus Research
Consortium for this Special Issue of Hearing Research. Then, we discuss the extent to which
this and other evidence supports the idea that tinnitus pathophysiology involves disordered
connections between auditory, limbic, and other brain systems, including a final discussion
of the impact of ever-evolving techniques for connectivity neuroimaging and analysis.

2. Neuroimaging evidence for central auditory system dysfunction in

tinnitus

The etiology of tinnitus often involves damage to auditory hair cells due to loud noise
exposure, aging, drugs, and other factors. Correspondingly, a body of research is devoted to
understanding peripheral mechanisms of tinnitus (Kaltenbach et al., 2002), as well as
restoring peripheral function to treat tinnitus and hearing loss (Cox et al., 2014; Mizutari et
al., 2013). However, as tinnitus may also originate at points further along the auditory
pathways [e.g., from somatosensory interference at the brainstem; (Levine et al., 2003;
Shore et al., 2007; Shore, 2011)], and because the mechanisms of tinnitus chronicity are
thought to involve the central nervous system (Eggermont and Roberts, 2004; Jastreboff,
1990; Magller, 2003), there is much interest in understanding the series of events that
generate and perpetuate the tinnitus signal within central auditory pathways.

Generally speaking, deafferentation caused by peripheral damage is thought to elicit
increases in spontaneous and synchronous neuronal activity (Eggermont and Roberts, 2004;
Llinas et al., 1999; Roberts et al., 2010) and/or reorganization of tonotopic maps (Eggermont
and Komiya, 2000; Irvine et al., 2003; Langers et al., 2012; Muhlnickel et al., 1998; Rajan et
al., 1993; Weisz et al., 2005; Wienbruch et al., 2006) in central auditory structures, which is
perceived as tinnitus. In human neuroimaging research using blood-oxygenation-level-
dependent (BOLD) fMRI, this central auditory dysfunction is typically measured using
stimulus-evoked activity. Our own work has demonstrated increased stimulus-evoked BOLD
responses in auditory cortex in two separate cohorts of tinnitus patients. Specifically, when
presented with simple, narrow-band sounds matched to the center frequency of their tinnitus,
patients exhibited moderately increased BOLD responses, or “hyperactivity,” in early
auditory cortex on or near medial Heschl’s gyrus (i.e. primary-like or core areas of auditory
cortex) compared to control volunteers without tinnitus and/or hearing loss (Leaver et al.,
2011; Seydell-Greenwald et al., 2012). We have also reported complementary effects in the
auditory system with diffusion MRI of white-matter microstructure, indicating increased
white-matter integrity near medial Heschl’s gyrus and inferior colliculus in tinnitus patients
(Seydell-Greenwald et al., 2014b). Our results are in line with MRI studies from other
groups reporting similar effects in the central auditory system, including sound-evoked
hyperactivity in auditory cortex (Gu et al., 2010) and inferior colliculus (Melcher et al.,
2009), as well as reduced grey matter in auditory cortex [(Schneider et al., 2009), cf. (Boyen
et al., 2012)] and inferior colliculus (Landgrebe et al., 2009). Taken together, these imaging
results support several possible auditory-system contributions to tinnitus pathophysiology
identified in previous studies. Hyperactivity and increased white-matter integrity in higher
central auditory structures are consistent with increased input and/or spontaneous firing in
neurons of these regions, perhaps caused by deafferentation of the cochlear nuclei.
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Decreased grey matter is also consistent with increased firing of neurons resulting in
excitotoxicity and cell death.

The consensus across these studies points to tinnitus-related hyperactivity to sound in
auditory cortex and inferior colliculus, though effects in the inferior colliculus might be
better explained by hyperacusis (Gu et al., 2010), which has not always been controlled
thoroughly (Landgrebe et al., 2009; Leaver et al., 2011; Melcher et al., 2009; Seydell-
Greenwald et al., 2014b, 2012). However, it is notable that not all fMRI studies of tinnitus
demonstrate sound-evoked hyperactivity in the auditory system (Boyen et al., 2014).
Furthermore, it is difficult to determine whether hyperactivity on any level represents the
actual tinnitus signal. For example, auditory cortex dysfunction could merely be a
consequence of a tinnitus signal generated at lower levels of the auditory pathway (e.g., the
cochlear nucleus) not captured by these neuroimaging studies. Conversely, hyperactivity in
the inferior colliculus might be relayed back from auditory cortex. Thus, the location and
nature of dysfunction that ultimately generates the chronic tinnitus percept may differ from
the site and nature of initial damage, which itself may vary across patients (Henry et al,
2005). So, although converging evidence in both human and animal research points to
increased spontaneous and sound-evoked activity in tinnitus throughout the auditory system,
the precise series of events leading to tinnitus has yet to be elucidated. In the following
sections, we discuss two major additional challenges facing fMRI tinnitus research.

Interpreting stimulus-evoked fMRI in tinnitus research

Studying stimulus-evoked neural activity using BOLD fMRI allows researchers to
noninvasively examine the functional consequences of tinnitus in the brain, as the tinnitus
percept itself is difficult to measure objectively. However, there are several factors to
consider when interpreting the results of these studies. First, stimulus-evoked activity is
unlikely to be equivalent to activity corresponding to the tinnitus itself. Unlike invasive
electrophysiology or positron emission tomography (PET), which measure absolute levels of
neural activity and/or metabolism directly, BOLD fMRI is restricted to making inferences
regarding neural activity by comparing stimulus-evoked and baseline levels of signal
(Logothetis, 2008). Thus, BOLD fMRI is unable to detect continuously elevated levels of
baseline activity as one would predict in chronic tinnitus and as clearly demonstrated in
animal research (Eggermont and Roberts, 2004; Eggermont, 2012; Roberts et al., 2010). In
addition, stimulus-evoked BOLD activity may be differentially influenced by other factors in
tinnitus patients and controls. Attentional resources may be allocated differently for tinnitus
patients (Roberts et al., 2013), who must ignore their tinnitus in order to perform auditory
tasks, even during simple “passive listening” tasks. MRI scanner noise, as well as the
auditory stimuli used in tinnitus research, can both have variable effects on patients’ tinnitus
sensations (Tyler et al., 2008), which potentially complicates the interpretation of stimulus-
evoked fMRI even further.

These factors were demonstrated quite clearly in our most recent fMRI study conducted by
Seydell-Greenwald et al. (2012). In this study, we replicated stimulus-evoked hyperactivity
in auditory cortex of tinnitus patients (Gu et al., 2010; Leaver et al., 2011). However, in a
simple yet important departure from previous tinnitus fMRI studies, we measured BOLD
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signal as it unfolded over several seconds in response to auditory stimuli. During each task
trial, volunteers were either presented with a brief auditory stimulus or a stimulus-absent
trial where no sound was presented. Unexpectedly, control participants exhibited
significantly larger BOLD responses to stimulus-absent trials in auditory cortex than tinnitus
patients, while the amplitude of BOLD responses during trials with auditory stimuli did not
differ between groups. Thus, tinnitus-related “hyperactivity” in auditory cortex (i.e., a larger
difference between the BOLD response in trials with and without auditory stimulation) was
actually driven by decreased BOLD signal during silent, stimulus-absent trials in patients.
BOLD fMRI responses in stimulus-absent trials have been elicited in previous studies in
both the visual [e.g., (Kastner et al., 1999)] and auditory domains [e.g., (Seydell-Greenwald
et al., 2014a)] and most likely reflect attentional modulation of neural activity in sensory
cortices. Other studies previously reporting auditory-cortex hyperactivity (Gu et al., 2010;
Leaver et al., 2011) might also be affected by this phenomenon.

This pattern of results could be explained in multiple ways, which are not mutually
exclusive. BOLD responses to “missing” sound during stimulus-absent trials could be
dampened by increases in ongoing spontaneous activity due to tinnitus sensations, which
reduce the overall responsiveness of auditory cortex in tinnitus patients. This increased
“baseline” spontaneous activity could similarly dampen BOLD responses to sound trials,
thus also obscuring true hyper-responsiveness to sound in tinnitus patients. Attenuated
BOLD responses to silent trials could also reflect taxed attentional resources in tinnitus
patients; top-down modulation of auditory cortex activity corresponding to the anticipation
of task trials could be greater in controls than in patients. In both cases, however, it is
unclear why BOLD responses were not similarly reduced during trials in which sounds were
presented in patients relative to controls. Future work studying individuals with intermittent
tinnitus, or using imaging techniques that are able to measure neural and/or metabolic
activity directly (e.g., PET or arterial-spin-labeled perfusion MRI), may be of use in this
regard.

2.2. Addressing the effects of hearing loss and age

Accounting for the possible influences of hearing loss, age, and hyperacusis is critical to
tinnitus research; the potential effects of hearing loss on tinnitus-related anomalies in the
auditory system are particularly important to assess. Hearing loss can be interpreted as a
correlate of peripheral or central auditory system damage and/or dysfunction, the latter of
which is a critical component of all current theories of tinnitus pathophysiology. Therefore,
we and others have found it critical to statistically control for levels of hearing impairment in
both tinnitus patients and controls. However, standard audiometry of even an extended range
of frequencies (i.e. >8 kHz) may not capture all types of hearing impairment [e.g., (Weisz et
al., 2006)], and it is difficult to know what aggregate measure from pure-tone audiometry is
most appropriate [e.g., average of entire spectrum or over certain frequency ranges, (Melcher
et al., 2012)]. Also, the prevalence of tinnitus increases with age, possibly but not
necessarily due to increased incidences of hearing loss (Heller 2003; Eggermont and Roberts
2004). This means that these factors are often intercorrelated in study participants and can
therefore affect the validity of statistical models that include them both as covariates (Farrar
and Glauber, 1967). Indeed, we have even identified reduced white-matter integrity in early
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auditory cortex near medial Heschl’s gyrus specific to mean hearing loss when controlling
for tinnitus status (Seydell-Greenwald et al., 2014b). Melcher and colleagues (2012) have
further demonstrated that hearing loss can affect neuroimaging results that could otherwise
be attributed to tinnitus. By separating the mean hearing loss measure into different
frequency bins (i.e., <2, 2-8, >8 kHz), this study suggested that vmPFC grey-matter
reductions in tinnitus patients, which had also been observed in other studies (Boyen et al.,
2012; Leaver et al., 2012, 2011; Muhlau et al., 2006), may not be wholly attributable to
tinnitus but also to negative correlations with hearing thresholds >8 kHz [perhaps
particularly so in tinnitus patients; (Melcher et al., 2012)]. Clearly, controlling for
heterogeneity in hearing impairment is critical in tinnitus research. This may only be
possible in multi-site studies where sample sizes are large enough to accommodate statistical
models with multiple nuisance covariates regarding hearing loss, age, hyperacusis, and other
measures.

3. Neuroimaging evidence of limbic anomalies in tinnitus

3.1

From among the first neuroimaging studies in this field, researchers have identified tinnitus-
related anomalies outside the auditory system (Lockwood et al., 1998; Mirz et al., 2000;
Shulman et al., 1995), often in structures connected with the “limbic system” (see definition
below). In our hands, extra-auditory tinnitus effects most consistently fall within
ventromedial prefrontal cortex (Leaver et al., 2012, 2011; Mihlau et al., 2006; Seydell-
Greenwald et al., 2014b, 2012), but also ventral striatum (Leaver et al., 2011), posterior
thalamus (Mihlau et al., 2006), and dorsal prefrontal regions (Leaver et al., 2012; Seydell-
Greenwald et al., 2012). Other groups have reported complementary tinnitus-related effects
in these same regions [e.g., ventromedial prefrontal cortex (Boyen et al., 2012; Schlee et al.,
2009); striatum (Cheung and Larson, 2010; Maudoux et al., 2012b; Reyes et al., 2002)].
However, several other brain regions have been implicated in tinnitus as well, including
parahippocampal regions (Landgrebe et al., 2009; Maudoux et al., 2012b; Mirz et al., 2000;
Ueyama et al., 2013) and posterior cingulate cortex (Maudoux et al., 2012a; Ueyama et al.,
2013). The challenge in interpreting these extra-auditory tinnitus effects lies in determining
whether they are associated with the generation and chronification of the tinnitus signal
itself, or whether they are associated with tinnitus-related reactions and/or compensations on
the part of patients (or other factors often concomitant with tinnitus, like hearing loss and
hyperacusis, as discussed above). In particular, given that a large percentage of these extra-
auditory effects fall within limbic structures, careful assessment of tinnitus-related distress
and symptoms of depression and anxiety is an important consideration in human tinnitus
research as well.

Examining the relationship between distress and tinnitus in neuroimaging research

The term “limbic system” was originally defined as a circuit supporting emotion, connecting
the hippocampal formation, hypothalamus, cingulate and adjacent prefrontal cortex
(MacLean, 1949, 1952). It is now also used to refer to other regions implicated in emotion
processing like the amygdala and ventral striatum [e.g. LeDoux et al., 1991 (Catani et al.,
2013)]. Many of the same limbic regions implicated in tinnitus research listed above have
also been implicated in the experience and regulation of affect, emotion, and mood (de
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Gelder et al., 2011; Drevets et al., 1997; Mayberg, 1997). Perhaps not surprisingly then,
many models of tinnitus pathophysiology propose that negative or emotional reactions to
tinnitus may be involved in causing the disorder to become chronic (De Ridder et al., 2011;
Jastreboff, 1990). Undoubtedly, tinnitus can be associated with stress and negative mood (De
Ridder et al., 2011; Dobie, 2003; Jastreboff, 1990; Schecklmann et al., 2011; Sullivan et al.,
1988) and increased incidence of depression or dysphoria (Folmer et al., 1999). However,
there is substantial variability in the extent to which tinnitus patients experience stress and/or
mood disturbances (Eggermont and Roberts, 2004; Heller, 2003), and levels of distress do
not successfully predict the sensory severity of the tinnitus itself [e.g., loudness or
intermittent presence; (Leaver et al., 2012; Meyer et al., 2014)]. Furthermore, given that few
neuroimaging studies of tinnitus have adequately assessed emotional symptoms and/or
recruited study samples with sufficiently broad levels of distress, the role of the limbic
system in tinnitus perception vs. tinnitus distress is far from clear.

In our research, we have attempted to address this issue by distinguishing the extent to
which tinnitus-related differences in limbic anatomy, function, and connectivity are
correlated with suffering and depression concomitant with tinnitus, from their correlation
with perceptual characteristics of the tinnitus itself independent of tinnitus distress. This is
of particular importance to the tinnitus-related differences we have identified in
ventromedial prefrontal cortex and ventral striatum (Leaver et al., 2012, 2011; Mihlau et al.,
2006; Seydell-Greenwald et al., 2014b, 2012). Both these structures have been targets of
deep brain stimulation for major depression (Lozano et al., 2008; Schlaepfer et al., 2008),
and both are thought to play major roles in the neural basis of mood disorders along with
other regions and networks (Bar, 2009; Gotlib and Joormann, 2010; Price and Drevets, 2012;
Ressler and Mayberg, 2007). With regard to their role in tinnitus, we have demonstrated
reduced grey matter in the ventromedial prefrontal cortex in three separate cohorts of
tinnitus patients (Leaver et al., 2012, 2011; Muhlau et al., 2006). In Mihlau et al. (2006) and
Leaver et al. (2011), measures of tinnitus-related distress or anxiety/depression scores were
not available; therefore, it was impossible to determine from those studies whether
anatomical differences were due to chronic tinnitus, or to increased levels of stress, anxiety,
and/or depression in tinnitus patients (though these two cohorts were matched in other
domains like age, sex, and mean hearing loss). Therefore, in our more recent cohort, we
measured levels of tinnitus distress [Tinnitus Handicap Inventory, (Newman et al., 1996)],
anxiety [Generalized Anxiety Disorder scale, GAD-7 (Spitzer et al., 2006)], and depression
[Patient Health Questionnaire 9, PHQ-9 (Spitzer et al., 1999)], in order to examine the extent
to which tinnitus-related neuroimaging findings could be explained by these factors.

In Leaver et al. (2012), decreased grey matter in ventromedial prefrontal cortex of tinnitus
patients could not be explained by ongoing tinnitus distress, depression, or anxiety scores. In
this same cohort, we also demonstrated differences in stimulus-evoked activity and white-
matter microstructure in the same region of ventromedial prefrontal cortex (Seydell-
Greenwald et al., 2014b, 2012). In all three studies, the effects in ventromedial prefrontal
cortex were correlated with patients’ ratings of tinnitus loudness, and not with measures of
tinnitus distress, depression, or anxiety. The latter scores were, however, correlated with
brain markers in other regions. Most notably, we identified a negative correlation between
depression and anxiety scores and cortical thickness in a separate region near subgenual
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anterior cingulate cortex (Leaver et al., 2012): regardless of tinnitus status, participants with
higher depression/anxiety scores had thinner cortex among both tinnitus patients and
controls, compatible with studies reporting similar decreases in patients with major
depressive disorder (Drevets et al., 1997; Mayberg, 1997). Other parts of the brain are
similarly related to measures of tinnitus-related distress and do not exhibit large differences
between tinnitus patients and controls, like the anterior insula (Leaver et al., 2012; Vanneste
et al., 2010) and anterior and posterior cingulate cortex (Joos et al., 2012; Maudoux et al.,
2012a; Ueyama et al., 2013; Vanneste et al., 2010).

Preliminarily, our results suggest that the neural basis of tinnitus-related suffering seems to
be separate from the neural basis of the tinnitus signal itself. If this is correct, the acoustic-
perceptual characteristics of tinnitus and tinnitus-related suffering should be targeted
separately during treatment. However, future research specifically targeting cohorts with
concomitant tinnitus and high levels of tinnitus-related distress and/or mood disorder are
needed to properly address this hypothesis.

3.2. Cognitive and attentional compensation in tinnitus neuroimaging

Other cognitive and attentional processes beyond stress and affect are clearly relevant to
tinnitus. As mentioned in Section 2.1, patients must deal with the tinnitus percept as it
interferes with incoming auditory stimuli in their daily lives. Indeed, some have argued that
the tinnitus signal is under attentional control (Roberts et al., 2013), and some therapies
teach patients to use attentional and cognitive strategies to lessen the impact of tinnitus
(Jastreboff, 2007). Without a doubt, neuroimaging findings in regions outside the ascending
auditory pathway may support these processes. For example, we have reported correlations
between patient-reported tinnitus loudness and increases in stimulus-evoked fMRI signal in
lateral prefrontal cortex (Seydell-Greenwald et al., 2012). Given the role the lateral
prefrontal cortex plays in conscious and effortful cognitive control (Miller and Cohen, 2001;
Miyake et al., 2000), this effect most likely represents the increased effort needed to ignore a
loud tinnitus signal during our auditory task. As another example, our group and others have
noted a relationship between tinnitus and increased activity in posterior auditory cortex
(Giraud et al., 1999; Leaver et al., 2011; Lockwood et al., 2001; Reyes et al., 2002), which
has been implicated in separating multiple auditory signals [e.g., listening to a single voice
at a cocktail party; (Alain et al., 2005; Wilson et al., 2007)]. In these examples, different
cognitive processes (and associated neural substrates) direct attention away from the tinnitus
signal to other sensory events and may temporarily attenuate the tinnitus percept. However,
these mechanisms are likely different from those governing the modulation of the tinnitus
signal in cases of increased stress or relaxation. We would further argue that such attentional
shifts are fundamentally different from modulation of the gain of sensory activity
responsible for perpetuating chronic subjective tinnitus as well, like those posed by our
tinnitus model (Rauschecker et al., 2010). Clearly, there are several layers of cognitive
control to consider in the context of tinnitus research, but a more thorough discussion of
models of attention and cognitive control as they relate to tinnitus are outside the scope of
the current review. Future studies that carefully control the contribution of these factors will
be needed to test these models and hypotheses.
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4. Neuroimaging auditory-limbic interactions in tinnitus

We have outlined evidence from our group and from others clearly demonstrating
differences between tinnitus patients and controls in both the auditory system and in extra-
auditory, mostly limbic-related brain systems. Some of this evidence is taken from studies
using connectivity neuroimaging techniques, including diffusion MRI and resting-state
fMRI. However, even studies using these connectivity techniques can be limited in their
ability to directly measure the complex interactions purported to underlie tinnitus
pathophysiology in current models of tinnitus. In this section, we describe current
knowledge regarding tinnitus-related anomalies using connectivity MRI, with emphasis on
our own work, and take a critical look at the extent to which current findings and techniques
can speak to the role of auditory-limbic interactions in chronic tinnitus.

4.1. Contributions of diffusion MRI

Two general approaches have been taken when using diffusion MRI to analyze white matter.
First, the strength and directionality of water diffusion can be used to infer white-matter
integrity, either analyzed voxelwise or in predefined regions of interest (e.g., inferior
colliculus) overlapping white matter. Second, the strength and directionality of diffusion can
be used to reconstruct white-matter tracts, and inferences can be made from the
reconstruction success regarding how well two regions are connected. With standard
diffusion MRI, this latter approach can be challenging. Often, if fiber-tracking algorithms
are not constrained anatomically, white-matter tracts can be “successfully” tracked into
neurobiologically implausible paths (e.g., through ventricles or grey matter). Thus, fiber
tracking using standard diffusion MRI may be best served when restricted to well-
characterized white-matter tracts [e.g., (Crippa et al., 2010)]. However, even when making
quantitative inferences using reconstructed tracts, or voxelwise in regions of interest,
multiple interpretations of diffusion differences must be considered.

In our own diffusion MRI data (Seydell-Greenwald et al., 2014b), we reported tinnitus-
related effects in both auditory and limbic regions; however, these results may not be
directly indicative of altered auditory-limbic interactions in tinnitus. For example, we
demonstrated a negative correlation between markers of white-matter integrity in
ventromedial prefrontal cortex and patients’ ratings of tinnitus loudness. This regional effect
is compatible with reduced output from ventromedial prefrontal cortex to the striatum and
thalamus, and ultimately to the auditory system, as we have proposed previously; however it
is impossible to discern the directionality or specificity of the connections underlying this
effect. On the other hand, tinnitus-related effects we identified within major white-matter
tracts may be more apt to speak to long-range connectivity. For example, negative
correlations between tinnitus loudness and white-matter integrity (i.e., fractional anisotropy)
in the anterior thalamic radiation (Seydell-Greenwald et al., 2014b) may reflect white-matter
insufficiencies in patients with loud tinnitus (though no group difference was present) in
tracts connecting anterior or medial thalamic nuclei and ventromedial prefrontal cortex. We
identified this same relationship in the anterior/superior corona radiata, which could reflect a
continuation of the effect in the anterior thalamic radiation, perhaps extending even further
to the local effect within the ventromedial prefrontal cortex region of interest. Taken
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together, these data could indicate differences in thalamo-frontal connectivity related to
tinnitus loudness, consistent with our model. Again, however, this effect cannot be tied to
specific thalamic nuclei or prefrontal regions without more refined techniques.

4.2 Contributions of resting-state fMRI

Analyzing intrinsic activity during the “resting state” is a common way to assess functional
brain networks in various disorders (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, and temporal coherence in the functional activity of brain
regions is measured (Power et al., 2010; Smith et al., 2009). In the context of tinnitus
research, resting-state fMRI could potentially be used to capture brain activity related to the
tinnitus percept itself, because patients’ sensory-perceptual experience “at rest” is quite
different from that of control volunteers who do not experience tinnitus. In this way, resting-
state fMRI could theoretically identify the functional networks underlying the experience of
chronic tinnitus, insofar as intrinsic activity within these networks was temporally coherent/
correlated. Furthermore, because this approach compares patterns of relative coherent brain
activity (as opposed to averaged activity) between tinnitus patients and controls, resting-state
fMRI is not limited by the fact that BOLD fMRI must be used as a relative, and not absolute,
measure of neural activity, as described above in Section 2.1 (Logothetis, 2008). Resting-
state fMRI research could thus offer complementary information to previous fMRI studies of
tinnitus, which rely on stimulus-evoked activity to make inferences regarding tinnitus-related
activity (Gu et al., 2010; Leaver et al., 2011; Melcher et al., 2009, 2000; Seydell-Greenwald
et al., 2012), and to EEG/MEG studies, which can also identify patterns of synchronous
brain activity at rest albeit with coarser spatial resolution.

Despite the obvious importance of functional connectivity research to tinnitus, no clear
consensus has yet emerged. Resting-state fMRI, EEG, and MEG studies have identified
altered functional connectivity in several parts of the brain, including in auditory cortex
(Burton et al., 2012; Kim et al., 2012; Maudoux et al., 2012a, 2012b; Vanneste et al., 2011a,
2011b), 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, 2012b;
Schmidt et al., 2013; Vanneste et al., 2011a), and insula (Burton et al., 2012; Vanneste et al.,
2011b). However, these results are not consistent across studies [e.g., see (Husain and
Schmidt, 2014) for a recent review], and still others have found no differences in functional
connectivity between tinnitus patients and controls (Davies et al., 2014; Wineland et al.,
2012).

Divergent methodological approaches taken across studies might in part explain these
inconsistencies. In resting-state studies, patterns of functional connectivity are compared
between groups in networks of interest, defined either using a “seed” region [e.g., auditory
cortex, (Burton et al., 2012; Schmidt et al., 2013; Wineland et al., 2012)] or using blind
source-separation techniques like independent component analysis [e.g., auditory network,
(Davies et al., 2014; Maudoux et al., 2012a, 2012b)]. In both cases, a given network of
interest represents a group of brain regions with temporally coherent/correlated brain
activity, and group differences are identified in brain regions that are more or less
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functionally connected to the network of interest. In this way, studies can differ both in their
approach to defining networks of interest (seed region vs. independent component analysis)
and in the assumptions made a priori regarding which brain regions and networks are most
relevant to tinnitus. Approaches to preprocessing and noise reduction also vary, e.g.,
considering the effects of subject motion, vascular, respiratory, and other artifacts are of
critical relevance, especially for seed-based analyses (Cole et al., 2010; Murphy et al., 2013).
Furthermore, the resting-state networks studied may not necessarily reflect the precise
networks hypothesized to be affected in tinnitus, but rather large-scale standardized
networks like the entire auditory system or the “default-mode network,” which overlaps
regions implicated in tinnitus like medial prefrontal and hippocampal regions (Raichle et al.,
2001). EEG and MEG studies are more likely to use blind source-separation techniques to
identify unique networks relevant for tinnitus [e.g., (Vanneste et al., 2014)]; however, many
of these studies still rely on the same prior assumptions regarding regions of interest, and
coarse spatial resolution is a concern. It also remains to be determined what relationship, if
any, resting-state fMRI has with functional phenomena identified using other approaches
(e.g., increased spontaneous firing of neurons, tonotopic map reorganization, or synchronous
activity at finer timescales measured with EEG/MEG). Though clearly promising, findings
from resting-state fMRI and other “functional connectivity” studies will be most informative
when contextualized with respect to complementary findings in other modalities and model
systems.

5. Conclusions and future directions

Although we have couched this review in terms of our own work and tinnitus model for this
Special Issue of Hearing Research for the Tinnitus Research Consortium, the studies and
issues discussed also have direct bearing on other models of tinnitus that involve the limbic
system and extra-auditory regions (De Ridder et al., 2011; Dobie, 2003; Jastreboff, 1990;
Landgrebe et al., 2009; Lockwood et al., 1998; Mgller, 2003; Simpson and Davies, 2000).
Despite the many challenges facing the pursuit of a network-level understanding of disorders
like tinnitus, the field will continue to progress as tinnitus-related effects continue to be
identified in the same brain regions and networks across methodologies, cohorts, and study
sites. At the same time, methods for analyzing neuronal connectivity are improving rapidly
and will spur future progress in tinnitus research, including cluster analysis (Pestilli et al.,
2014; Wig et al., 2014) and graph theory (Maudoux et al., 2012a), which assess more
complex metrics of network connectivity beyond relative temporal coherence. Multi-echo
MRI sequences allow sampling at ultra-high resolution within shorter scan times than
standard diffusion sequences [i.e., increased diffusion directions and spatial/temporal
resolution (Ugurbil et al., 2013)], thus improving on characterization of white-matter
connections /77 vivo and of effective directional functional relationships amongst network
regions. New histological techniques like CLARITY allow visualization of neuronal
connections in post-mortem tissue that is made transparent using acrylamide-based
hydrogels (Chung et al., 2013). Combined with imaging it can render brain connectivity with
even greater fidelity than studies using conventional neuroanatomical tracing.

Finally, it should be noted that, given variability in MRI scanners, sequence parameters,
statistical approaches, and other methodological considerations across studies, some

Hear Res. Author manuscript; available in PMC 2020 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leaver et al.

Page 12

inconsistency in the brain regions linked to tinnitus by the neuroimaging literature is perhaps

to be expected [e.g., (Adjamian et al., 2014)]. This only underscores the importance of

emphasizing those brain regions exhibiting tinnitus-related effects across multiple imaging
modalities, patient cohorts, study sites, and model systems (i.e., human vs. other animals).

By continuing to identify commonalities across studies, by engaging in multi-site

collaborative research, and by incorporating newly developing techniques, we will continue
to refine our understanding of tinnitus pathophysiology in order to advance its treatment and,

with hope, a cure.
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Highlights

We review evidence supporting auditory and limbic contributions to tinnitus
pathophysiology

Assessing auditory-limbic interactions with connectivity neuroimaging is a
challenge

Recent findings and new connectivity methods will impact models of chronic
tinnitus
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Figure 1. A schematic model of auditory-limbic interactions in tinnitus.
In our model of tinnitus, dysregulation of the auditory system by specific structures of the

limbic system is what causes subjective tinnitus to become chronic (see Rauschecker et al.,
2010; Leaver et al., 2011). Specifically, peripheral deafferentation of the central auditory
pathway (shown in blue) causes increased activity leading to tinnitus via lesion-induced
plasticity (Rauschecker, 1999). Typically, transient tinnitus can be assessed by limbic
frontostriatal networks (green) as an unwanted and/or irrelevant stimulus (Leaver et al.,
2011), and thus suppressed. In patients with chronic tinnitus, this regulatory mechanism
does not function properly (Rauschecker et al., 2010): a volume loss is consistently found in
the ventromedial prefrontal cortex (vmPFC; Mihlau et al., 2006; Leaver et al., 2011, 2012),
and hyperactivity is found in the nucleus accumbens (NAc; Leaver et al., 2011). However, as
indicated by the red arrows, exactly how and whether the auditory and limbic networks
interact in the context of tinnitus remains to be determined. The initial tinnitus signal could
enter limbic networks via projections from the auditory thalamus (MGN, medial geniculate
nucleus) and/or auditory cortex (AC) to the amygdala and NAc, which is a part of the ventral
striatum (LeDoux et al., 1991)], but may also enter through projections between AC and
vmPFC (Romanski et al., 1999)]. Similarly, limbic structures could suppress auditory
activity via projections between the vmPFC and MGN [via the thalamic reticular nucleus,
(Zikopoulos and Barbas, 2006)]; however, suppression may also occur via the medial dorsal
nucleus [MDN; (Pandya et al., 1994; Tanibuchi and Goldman-Rakic, 2003)]. Studies are
sorely needed to test this and other models of tinnitus pathophysiology. Note that the
placement of brain regions on this schematic is approximate and not intended to be
anatomically accurate. Left hemisphere is shown; posterior is on the left; anterior on the
right.
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Figure 2. Methodological approaches to connectivity MRI.
Diffusion MRI (left) measures the strength and directionality of water diffusion. Color

overlaid on the brain at left indicates the strongest direction of diffusion. For example, red
marks strong diffusion in the left-right direction through major white matter tracts of the
corpus callosum where axons are oriented in the same direction (top inset). Regions that do
not have a color indicate instances of relatively unconstrained diffusion, for example through
cerebrospinal fluid (CSF) in ventricles (bottom inset). Functional connectivity MRI (right)
identifies regions with temporally coherent (i.e., correlated) fMRI activity. For example,
activity in left and right auditory cortex (LAC and RAC, respectively) is typically highly
coherent, as indicated by the orange color overlaid on the brain image. By contrast, fMRI
activity in auditory cortex and visual cortex (VC) will have lower temporal coherence. To
illustrate this relationship, example voxel time-courses are shown at right, where LAC and
RAC time-courses are more correlated with each other than with the VC time-course.

Temporal coherence
in voxel timecourses:

-
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