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ABSTRACT

In this position review, we propose to establish a path
for replacing the empirical classification of tinnitus
with a taxonomy from precision medicine. The goal of
a classification system is to understand the inherent
heterogeneity of individuals experiencing and suffer-
ing from tinnitus and to identify what differentiates
potential subgroups. Identification of different patient
subgroups with distinct audiological, psychophysical,
and neurophysiological characteristics will facilitate
the management of patients with tinnitus as well as
the design and execution of drug development and
clinical trials, which, for the most part, have not
yielded conclusive results. An alternative outcome of a
precision medicine approach in tinnitus would be that
additional mechanistic phenotyping might not lead to
the identification of distinct drivers in each individual,
but instead, it might reveal that each individual may
display a quantitative blend of causal factors. There-
fore, a precision medicine approach towards identify-
ing these causal factors might not lead to subtyping
these patients but may instead highlight causal
pathways that can be manipulated for therapeutic
gain. These two outcomes are not mutually exclusive,
and no matter what the final outcome is, a
mechanistic-driven precision medicine approach is a
win-win approach for advancing tinnitus research and
treatment. Although there are several controversies
and inconsistencies in the tinnitus field, which will not
be discussed here, we will give a few examples, as to
how the field can move forward by exploring the
major neurophysiological tinnitus models, mostly by

taking advantage of the common features supported
by all of the models. Our position stems from the
central concept that, as a field, we can and must do
more to bring studies of mechanisms into the realm of
neuroscience.
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INTRODUCTION

Tinnitus is defined broadly as a sound perception in
the absence of an acoustic event, and is experienced
by up to 15 % of the general population (Adams et al.
1999). Of the 40–50 million people in the USA with
tinnitus, approximately 10 million seek medical atten-
tion (Seidman and Jacobson 1996) and 2.5 million of
these are considered disabled by tinnitus due to its
persistence, intensity, and the individual’s reaction to
it (Shargorodsky et al. 2010). Tinnitus is the highest
service-connected (SC) disability with over 1.2 million
veterans suffering from it. Tinnitus is also the most
prevalent SC disability amongst new compensation
recipients, with 140,288 new veterans entering this
pool in fiscal year 2016 (https://www.benefits.va.gov/
REPORTS/annual_benefits_report.asp). Despite the
high personal and financial cost of tinnitus, currently
there is no available cure for tinnitus.

What does it mean to cure tinnitus? Approaches
have proceeded from the logical premise that the
symptomatic aspects of the percept should be ren-
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dered subclinical. Towards this end, approaches have
been devised for quantifying reactions to tinnitus,
characterizing the psychophysical properties of the
percept and measuring the perceived impact on
quality of life. However, the large within-subject
variability in the psychophysical measures has contrib-
uted to the conclusion that valid and reliable ways
need to be established for objective assessment of the
perception of tinnitus. This limitation has not
prevented the design of interventions to mitigate the
various symptoms and decrease self-perceived handi-
cap from tinnitus, with the goal to facilitate normal
functioning and prevent significant impairment to
quality of life. Although progress has occurred in
mitigating the reaction to tinnitus, there is not a
proven method to permanently eliminate or even
reduce the perception of tinnitus.

The contemporary Clinical Practice Guideline for
Tinnitus is empirical (Tunkel et al. 2014),
distinguishing only primary tinnitus, “which may or
may not be associated with sensorineural hearing
loss,” and secondary tinnitus, “associated with a
specific underlying cause other than sensorineural
hearing loss or an identifiable organic condition.”
These definitions are superficial and unclear and, as a
result, no pharmaceutical or other treatments are
recommended from an evidence-based perspective.

In this review, we propose to establish a path for
replacing the empirical classification of tinnitus with a
taxonomy from precision medicine. The goal of a
classification system is to understand the inherent
heterogeneity of individuals experiencing and suffer-
ing from tinnitus and to identify what differentiates
potential subgroups. More importantly this differenti-
ation will reveal what the members of a subgroup
share in common based on the network, cellular, and
molecular properties of their peripheral and central
auditory and non-auditory networks involved in tinni-
tus. As such, this classification requires the under-
standing of the underlying mechanisms of tinnitus
and will ultimately lead to a mechanistic-driven
personalized medicine approach to the care of
patients with tinnitus.

IS THE CLINICAL CLASSIFICATION OF
TINNITUS MEANINGFUL FROM A
NEUROSCIENCE POINT OF VIEW?

Diagnoses such as tinnitus, vertigo, fibromyalgia, and
headache are based strongly upon subjective reports
by patients. Based on the Clinical Practice Guideline
for Tinnitus (Tunkel et al. 2014), if tinnitus is
associated with a comorbid condition, it is relegated
as a symptom in that diagnosis and treated

accordingly as secondary tinnitus. If otherwise
unexplained, it is considered as an idiopathic
disorder to be treated in its own right. Thus, the
patient with primary tinnitus is defined by symptom
reports with no other explanation. Henry (2016)
distinguishes functionally between an auditory senso-
rineural or neural origin as primary tinnitus and a
somatic origin as secondary tinnitus. The somatic
component may include pulsatile tinnitus from arter-
ies and sensitivity to muscular, skeletal, or joint noises
from the head; it also could include the rare
condition of objective tinnitus, when the sound is
discernable to an observer. This distinction seems
ambiguous from a neural network perspective be-
cause multisensory integration occurs throughout the
auditory pathways. For example, the spinal trigeminal
nucleus projects extensively to the cochlear nuclei
and to the inferior colliculus (Haenggeli et al. 2005;
Zhou and Shore 2004, 2006). Because of multisensory
integration in auditory pathways, the justification for
using auditory versus somatic contributions as
distinguishing features of different forms of tinnitus
is questionable, further suggesting the need for a
mechanistic approach for tinnitus classification.

TINNITUS IS A DISORDER OF AUDITORY
PERCEPTION

In contemporary terminology, disorders of auditory
percept ion inc lude t inn i tus , hyperacus i s ,
phonophobia, misophonia, and polyacusis.

Hyperacusis designates both a decreased tolerance
to sound in general and a specific dislike or sensation
of discomfort or pain upon exposure to sounds above
a given intensity (Baguley 2003; Tyler et al. 2014;
Baguley and McFerran 2010). It is frequently comor-
bid with tinnitus and the patients with both disorders
report a higher prevalence of onset-related triggers or
events, headaches, association with stress, temporo-
mandibular joint complaints, neck pain, and vertigo
than patients reporting tinnitus alone (Schecklmann
et al. 2014). Tyler et al. (2014) made the unifying
proposition that hyperacusis be viewed as a general
category of heightened sound sensitivity, which can be
expressed in individuals as “loudness hyperacusis,”
“annoyance hyperacusis,” “fear hyperacusis,” and
“pain hyperacusis.”

Phonophobia designates the sensitivity to sound
that is often associated with migraine. It is of interest
to probe the auditory features of migraine-associated
sound sensitivity to better define migraine-related
hyperacusis.

The other disorders of auditory perception are
more stimulus- or context-specific. Misophonia is a
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term for a dislike of particular sounds in specific
contexts; the term “selective sound sensitivity syn-
drome” also has been proposed for this condition
(Jastreboff and Jastreboff 2015; Møller 2010).
Polyacusis and diplacusis refer to the perception of
more than one pitch when the same stimulus
frequency is presented binaurally (Corliss et al.
1968). For comprehensiveness, musical hallucinations
(Kumar et al. 2014) and auditory verbal hallucinations
in the absence of psychiatric disorders (de Leede-
Smith and Barkus 2013; Johns et al. 2014) should be
included in disorders of perception that may share
neural substrates with tinnitus.

The high comorbidity between tinnitus and
hyperacusis has motivated comparisons and specula-
tion about both common underlying features and
differential mechanisms, with elevated central gain as
a feature of hyperacusis (Schecklmann et al. 2014;
Sheldrake et al. 2015; Knipper et al. 2013). However,
there may not be major differences in central sensory
processing between hyperacusis and tinnitus.
Specifically, Hébert et al. (2013) demonstrated con-
vincingly that the properties of enhanced auditory
sensitivity in ears with tinnitus are consistent with a
maladaptive central gain in auditory pathways.

THE CHALLENGE OF PERCEPTUALVARIABILITY
ASSOCIATED WITH TINNITUS

It is puzzling that there is a lack of within-subject
consistency between objective tinnitus assessment
measures such as pitch matching, loudness matching,
masking, residual inhibition after masking, and loud-
ness discomfort level. This is ironic because these
measures were introduced to provide psychophysically
and neurobiologically meaningful descriptors that can
standardize diagnosis and treatment. Although these
measurements need to be improved (Henry 2016), we
suggest that, rather than viewing this variability in
reporting solely as a shortcoming of the measure-
ments per se, this variability also may reflect a
property of multiple input and multiple output
properties of a global network mediating the tinnitus
percept and its accompanying phenomena.

Tinnitus is associated with diagnoses such as
hearing loss, Ménière disease, otosclerosis,
neurovascular compression (e.g., pulsatile tinnitus),
middle ear or external meatus blockage (with secre-
tions, cerumen, or hair), temporomandibular joint
disorders, migraine, fibromyalgia, some metabolic
disorders such as hypothyroidism or hyperthyroidism,
and drug intoxication (e.g., salicylate, NSAIDS, and
quinine-based medicines) (Langguth et al. 2015;
Langguth et al. 2017; Lopez-Escamez et al. 2014).

The challenge of the perceptual variability and the task of
modeling the neurobiological bases of tinnitus are
complicated by the fact that these comorbid conditions
are not completely distinct. These comorbidities can be
explained by factors specific to auditory pathways and
actions at sites of convergence (or overlap) of auditory
pathways with pathways involved in producing symptoms
associated with the comorbid disorders. It is conceivable
that the involvement of multiple systems would under-
mine the objective consistency of the auditory perceptual
dimension. We therefore suggest that the auditory
perception that we term tinnitus applies to one dimension
of a multidimensional perceptual space that is associated
with distinct physiological states in the nervous system.

Recent interest in the cognitive and emotional
effects accompanying tinnitus is directed at better
defining the processes that account for the distinction
between bothersome tinnitus and non-bothersome
tinnitus (Tunkel et al. 2014). These features include
symptoms that individuals with tinnitus and comorbid
conditions often endorse on the Tinnitus Handicap
Inventory and other clinical instruments assessing the
severity of tinnitus (Newman et al. 1996). These
considerations further support the possibility that
although a tinnitus network exists, its boundaries
may not be fully distinct from a migraine network,
or a fibromyalgia network. In fact, the variability in
symptom reports may reflect the perceptual expres-
sions of the involvement and contribution of many
different (sub)networks.

MAJOR MODELS OF TINNITUS—COMMON
PRINCIPLES

Recent findings support the hypothesis that the percep-
tion of tinnitus is associated with the activation of a
central network with multiple inputs and outputs,
including auditory, perceptual, affective, and attention
components (De Ridder et al. 2011). These networks
exhibit intrinsic mechanisms to modify dynamic neuro-
nal properties. These mechanisms are affected in
tinnitus. For example, tinnitus is associated with neuronal
hyperactivity or hypoactivity, with changes in neuronal
transfer functions, with tonotopic reorganization, and
with homeostatic or pathogenic plasticity and synchrony
(Shore et al. 2016; Schaette and Kempter 2006; Li et al.
2013; Yang et al. 2011). These dynamic changes in the
tinnitus network are crucial for understanding the
individual components and mechanisms that are neces-
sary and/or sufficient for the perception of tinnitus.

Thus, determining the localization of the different
entry points to tinnitus may reveal the necessary
conditions sufficient to trigger the disorder, albeit
via different networks and mechanisms. Importantly,
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determining the molecular, cellular, and circuit
mechanisms of the pathology associated with these
different entry points will provide novel ways to
disrupting them and hopefully stopping or at least
mitigating the disorder.

Several steps already have been accomplished
towards this direction and new challenges and oppor-
tunities are on the horizon. This review will not cover
all the tinnitus studies, but will focus on the main
principles underlying tinnitus and its mechanisms.
Moreover, with this review we intend to highlight
some new challenges and opportunities in basic and
clinical research that ultimately will lead to better
diagnostics and treatments for patients.

There are currently three major neurophysiological
tinnitus models. The deafferentation neurophysiological
model is a bottom-up model mostly involving auditory
structures expressing structural and functional plasticity
in response to various levels of deafferentation (Shore
et al. 2016; Schaette and Kempter 2006; Eggermont and
Roberts 2004; Norena 2011; Li et al. 2015; Welling and
Jackler 2018). This model addresses the phenomenon of
tinnitus froma classical bottom-up auditory sensorineural
pathway approach. The noise-cancelingmodel posits that
tinnitus may reflect a deficiency in the top-down
inhibition of auditory pathways, mediated primarily by
frontostriatal circuits gating the relevance and affective
value of internal and external percepts (Rauschecker
et al. 2010, 2015). Hence, it focuses on perceptual and
cognitive components. The neuronal global workspace
model is a generalization of the other approaches (De
Ridder et al. 2014). It encompasses multiple parallel
auditory and non-auditory networks, including the
frontostriatal circuits. The deafferentation and noise-
cancelingmodels can be viewed as subsystems embedded
in the global model (Fig. 1).

Overall, these models suggest that tinnitus involves a
multisystem network that includes perceptual, cognitive,
and limbic components. During normal processing,
acoustic energy is transduced by the conductive and
sensorineural components of the ear into auditory nerve
afferent activity, which enhances the resting state activity
of hierarchical ascending neural networks (De Ridder
et al. 2014). The acoustic signal travels via the cochlea-
acoustic nerve input through the brainstem, midbrain,
and thalamic nuclei to the auditory cortex—this process
includes multisensory integration. Subsequent auditory
cortex activation does not yield the percept itself. The
signal has to be processed by the (non-auditory) salience
network connecting the signal into the awareness
network (De Ridder et al. 2014). Only at that point, is
the auditory percept experienced consciously. Simulta-
neously, the network related to the limbic system assigns
emotional significance to the percept (Seydell-
Greenwald et al. 2012)—this is the bottom-up compo-
nent. The top-down influence arises from the cognitive

network, which steers both the salience and awareness
network. Given that perception is an active process in
which the brain searches for the expected information,
the auditory perception involves both bottom-up
(sensory) and top-down (prediction-driven) processing
(De Ridder et al. 2014). Therefore, the common
neurophysiologic pathway of patients with tinnitus in-
volves plasticity in these networks that ultimately leads to
the pathological linking of central auditory resting state
activity and limbic activity to the awareness network
without any external sound trigger. There are likely
multiple combinations of sufficient conditions to pro-
duce a tinnitus percept, including enhanced activity of
the network supporting spontaneous auditory activity
and/or a decreased threshold for activating the network
supporting salience (Schurger et al. 2015).

These models have resulted from many elegant
MEG, EEG, and fMRI studies. Although there are
several controversies and inconsistencies in the field,
which will not be discussed here, we will give a few
examples, as to how the field can move forward by
exploring these three models, mostly by taking advan-
tage of the common features supported by all of the
models. Our position stems from the central concept
that, as a field, we can andmust domore to bring studies
of mechanisms into the realm of neuroscience.

SLOW-WAVE CORTICAL
OSCILLATIONS—TOWARDS THE DEVELOP-
MENT OF A RELIABLE NEUROPHYSIOLOGICAL
CORRELATE

Based on all three models discussed earlier, it is
commonly accepted that the most reliable neurophys-

Auditory System 

Deafferentation Model:

Changes in Gain

Homeostatic Plasticity

 Pathogenic Plasticity

Tonotopic Reorganization

Changes in Spontaneous Activity

Deafferentation 

Global Workspace Model 

Multiple parallel

auditory and non-auditory 

networks

Noise- Cancelling Model

Frontostriatal Gating

FIG. 1. Schematic illustrating the three proposed neurophysiolog-
ical models of tinnitus, their main characteristics, and their
relationship to each other

118 TZOUNOPOULOS ET AL.: Precision Medicine in Tinnitus



iological correlate of tinnitus in humans is the
appearance of slow-wave (delta/theta) oscillations in
individuals with tinnitus (Weisz et al. 2007; Adjamian
et al. 2012; Adjamian 2014; De Ridder et al. 2015;
Kahlbrock and Weisz 2008; Sedley et al. 2016) (Fig. 2).
However, these slow-wave variations are neither sensi-
tive nor specific indicators of tinnitus; for example,
they are observed in normal individuals performing
cognitive tasking and in association with a variety of
pathological conditions (Knyazev 2012; Pinheiro et al.
2016). Oscillations in the delta band (0–4 Hz) are
most commonly observed in healthy subjects during
the slow-wave sleep, i.e., stage N3, the stage of deepest
sleep. Delta band activity is observed at the focus of
cortical lesions or diffusively in various encephalopa-
thies. Oscillations in the theta band (4–8 Hz) are
observed in relaxed healthy individuals. In patients,
both delta and theta band changes have been
reported in the low-frequency activity during percep-
tions with high saliency, such as tinnitus and pain
(Knyazev 2012; Pinheiro et al. 2016). Delta and theta
activity patterns also are augmented in some psychiat-
ric and neurodegenerative disorders, albeit at differ-
ent parts of the brain.

In patients with tinnitus, the slow-wave oscillations
do not appear to be correlated with either psycho-
acoustic or psychosocial measures of tinnitus severity
(Pierzycki et al. 2016) and do not have consistent
location or site of origin across patients. This hetero-
geneity, especially if correlated with measures of
hearing loss, can form the basis for objective charac-
terization of different types of tinnitus (see next
section for details on this point). Moreover, the slow-
wave oscillations may reflect thalamocortical activity
that is generated during attention to tinnitus. This
would signify that the slow-wave oscillations in patients

with tinnitus reflect the attention to the internal
percept, rather than generating the percept itself. In
either case, a detailed mechanistic understanding of
the slow-wave oscillations would be beneficial for
tinnitus research and treatment.

The molecular, cellular, and circuit mechanisms
underlying these oscillations are not understood. Such
understanding would create novel targets for categoriz-
ing and disrupting tinnitus. One major mechanism that
has been proposed, but not tested mechanistically, to
explain the generation of the slow-wave oscillations in
pathological positive-symptom disorders, such as tinni-
tus and chronic pain, is the thalamocortical dysrhythmia
model (TCD) (Llinas et al. 1999). In TCD, intrinsic
neuronal properties form the substrate for the disease-
related physiology. The TCD state may be considered in
three parts: (1) a brain region of persistent thalamic low-
frequency activity due to thalamic hyperpolarization, (2)
a brain region that serves as the trigger for
thalamocortical dysfunction in which a core region of
cortex oscillates at low frequency, and (3) this region is
surrounded by an abnormal zone of high-frequency
activity (Llinas et al. 2005). In summary, if thalamic
hyperpolarization persists and a thalamocortical recur-
rent loop is established with an area of increased high-
frequency activity, one proposed mechanism is that
tinnitus results if the dysrhythmic area of thalamus
projects to those regions of cortex related to the
perception of sound and to feelings of distress.

Even though the existence of high-frequency
oscillations is controversial, we suggest that TCD may
be a valid mechanism for generating low-frequency
oscillations in tinnitus. Moreover, most, if not all,
tinnitus models include the deafferentation neuro-
physiological model, the noise-canceling model, and
the neuronal global workspace converge in the
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thalamus, including the sensory and limbic thalamus,
as well as the thalamic reticular nucleus (TRN)
(Rauschecker et al. 2015; De Ridder et al. 2015;
Caspary and Llano 2017)]. Namely, in the deafferen-
tation model, the deafferentation itself might be
causing the abnormal hyperpolarization in the thala-
mus that can trigger the TCD and in the noise-
canceling model frontostriatal circuits affect the
limbic thalamus, as well as the TRN, which can
subsequently hyperpolarize the auditory thalamus.

To date, no molecular, cellular mechanisms have
been confirmed experimentally for the specific medi-
ation of the perception of tinnitus by slow-wave
oscillations. However, the TCD model has attractive
explanatory potential for production of tinnitus by
multiple sufficient sets of underlying processes. Tha-
lamic hyperpolarization may occur by excess inhibi-
tion, by disfacilitation resulting from thalamic
deafferentation (as in sound-induced hearing loss),
or by the inhibition of excitatory ligand-gated chan-
nels. Low-frequency thalamic oscillations are consis-
tent with dysfunction of a well-characterized
molecular target, the Cav3.1 channel. At the resting
membrane potential, thalamic cells fire tonically.
When these neurons are hyperpolarized, T-type
calcium channels are activated, and thalamic cells fire
in low-frequency bursts (Jahnsen and Llinas 1984).
These bursts are not abnormal in themselves, as they
normally hail sleep onset (Llinas and Steriade 2006;
McCormick and Bal 1997; Steriade et al. 1993).
However, in tinnitus such thalamic bursts are restrict-
ed to certain thalamic nuclei creating a localized low-
frequency recurrent interaction between thalamic
and cortical neurons that disrupts normal auditory
circuit function. Due to thalamic activity as described
above, neuronal activity in a localized cortical colum-
nar area is restricted to low frequencies (delta 1–4 Hz,
theta 4–8 Hz) and so there is deafness (negative
symptoms) at a particular auditory frequency. Accord-
ingly, the firing rate of cortical inhibitory interneu-
rons within this area decreases. As a result, the
inhibitory input to adjacent cortical areas is reduced.
The reduced activity of inhibitory interneurons men-
tioned above leads to increased activity in adjacent
disinhibited cortex, thus resulting in continuous high-
frequency activation underlying the tinnitus percep-
tion. This increased continuous activity has been
called an edge effect or Hartline effect because it
was originally observed as lateral inhibition in the
retina (Hartline et al. 1956). An edge effect has been
observed as increased spontaneous gamma activity in
tinnitus and has been suggested to be responsible for
the phantom sounds (positive symptoms) typical of
tinnitus (Llinas et al. 2005). This edge effect has been
proposed to generate the positive symptoms in other
disorders as well, including central pain (Choi et al.

2016) and movement disorders (Moazami-Goudarzi
et al. 2008; Sarnthein and Jeanmonod 2007).

This mechanism has not been tested in tinnitus.
In vitro and in vivo experiments in animal models
could study the electrophysiological properties of
single thalamic cells and thalamocortical circuit
oscillatory patterns, for example, whether

i. De-inactivation of T-type calcium channels (Cav3.1)
and recurrent abnormal thalamocortical circuit
activation are seen in tinnitus, but not in non-
tinnitus wild type mice;

ii. Abnormal oscillations in brain slices from tinnitus
mice are prevented or reduced by T-type calcium
channel blockers; and

iii. Recurrent abnormal thalamocortical circuit acti-
vation is seen in global CaV3.1 KO mice and/or
thalamus-specific CaV3.1 KO tinnitus mice ex-
posed to a loud noise paradigm.

Where should we look for these changes? Cortico-
thalamo-cortical circuits mediate sensation, percep-
tion, and consciousness, and generate neural network
oscillations associated with physiological sleep-spindle
activity and focal or generalized epileptic activities
such as absence seizures (Steriade 1998). Communi-
cation between cerebral cortex and thalamic relay
nuclei is mediated by reciprocally connected
corticothalamic (CT) and thalamocortical (TC) gluta-
matergic excitatory pathways. Cortical input is
thought to influence primary sensory thalamus by a
feed-forward synaptic inhibition of TC relay neurons
by GABAergic nRT or perigeniculate neurons
(Steriade and Contreras 1995; Sillito and Jones 2002;
von Krosigk et al. 1999; Warren et al. 1994; Destexhe
et al. 1998). CT neurons excite reticular thalamic
nucleus (nRT) neurons (nRT), which subsequently
inhibit TC relay neurons. Cortico-thalamo-cortical
oscillations are initiated if this inhibition is followed
by post-inhibitory rebound bursts of action potentials
in TC neurons that in turn re-excite nRT neurons. As
this sequence iterates, a network oscillation is
sustained (von Krosigk et al. 1999; Warren et al.
1994; von Krosigk et al. 1993). These events in the
thalamus, which is an important element in the
generation of neural oscillations in cortico-thalamo-
cortical circuits, rely on a stronger synaptic excitation
in the CT-nRT than in the CT-TC pathway, allowing
the inhibition of TC cells to overcome direct CT-TC
excitation. Dissection of these synaptic pathways has
been challenging until recently, because cortex and
thalamus are reciprocally connected and their axons
are adjacent; thus, a selective stimulation of CT or TC
axons is impossible with electrical stimulation, which
activates both pathways. However, recent studies
o v e r c ame t h i s d i f f i c u l t y b y e xp r e s s i n g
channelrhodopsin-2 (ChR2), a light-sensitive cation
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channel, in either CT or TC neurons (Nagel et al.
2003). ChR2 expression enables somata and axons to
be activated by blue light with a high temporal
precision (Yamawaki and Shepherd 2015). Moreover,
specific mouse lines with specifically labeled TC cells
can be used to for layer- and cell-specific studies in
cortex. Therefore, the synaptic and intrinsic proper-
ties of these cell types and synapses need to be
evaluated before and after noise-induced hearing loss
and in animal models of tinnitus. Such an approach
would allow the study in isolation of all the different
synapses participating in the cortico-thalamo-cortical
loops and determine which specific synapse or cell
type is involved in tinnitus. Alternatively, such studies
may reveal that the intrinsic properties of specific
neurons participating in this loop are responsible for
tinnitus-related changes in cortico-thalamo-cortical
communication in tinnitus mice.

Recent results in the motor cortex have challenged
the classic view of TC⇔CT loops. Namely, the motor
cortex and the motor thalamus are not directly linked
through monosynaptic TC⇔CT loops. It remains to be
seen whether these results are relevant for the auditory
cortex. The medial geniculate body (MGB) of the
thalamus comprises distinct subdivisions, which innervate
different layers and areas of AC in patterns that are only
partially understood. The ventral subdivision (MGBv)
projects tonotopically to multiple layers of primary AC,
while the connectivity of the dorsal and medial subdivi-
sions (MGBd and MGBm, respectively) are not as
thoroughly characterized. One approach to further
characterize these circuits would be to perform rabies
virus (RV)-based monosynaptic tracing in cell-type-
specific mouse lines which express Cre recombinase in
projection-specific subtypes of cortical neurons. The basic
experimental strategy would be to inject the cortex of
mice from each of these Cre lines with Cre-dependent
AAV helper viruses to achieve cell-type-specific expres-
sion of TVA such that only the pyramidal neurons of
interest will be infected by subsequently injected EnvA-
coated RV to enable monosynaptic tracing with fluores-
cent proteins. Using these RV-based tools, one can map
the pre s ynap t i c inpu t s on to l a ye r 5A/B
intratelencephalic (IT) neurons (corticocallosal-type
neurons; Tlx3-Cre line), layer 5B pyramidal-tract (PT)
neurons (corticocollicular-type neurons; Sim1-Cre line),
and layer 6 corticothalamic (CT) neurons (Ntsr1-Cre
line), as well as onto Gad2-expressing interneurons
(Gad2-Cre line). For example, such experiments might
demonstrate that all subdivisions of the MGB project to
IT, PT, and Gad2 neurons in AC, consistent with the
original hypothesis. In contrast, CT neurons might
receive the majority of their thalamic input from the
MGBm, yet send their axons heavily to MGBv, providing
an anatomical substrate for a putative non-direct TC⇔CT
loop. Determining the details of the cortico-thalamo-

cortical connections in AC and MGB will be important
for determining the synaptic changes in these loops that
might be associated with hearing loss and tinnitus.

TCD, via thalamo-layer6cortical loops, is not the
only known mechanism for generating coherent slow
oscillations. Slow-wave oscillations also may be gener-
ated by layer 5 cells in auditory cortex (Silva et al.
1991). Many pyramidal neurons in layer 5 of the
neocortex show prolonged, 5–12-Hz rhythmic firing
patterns at threshold. Rhythmic firing is due to
intrinsic membrane properties. Sodium conductances
are essential for rhythmicity, and calcium-dependent
conductances strongly modify rhythmicity (Silva et al.
1991). Therefore, layer 5 can be both necessary and
sufficient to produce slow-wave synchronized oscilla-
tions associated with tinnitus, and in vitro, as well as
in vivo two photon studies can address this mechanism.

In recent years, the focus of cortical inhibition
research has shifted from cellular or single-synapse
effects to network effects. Although changes in
network effects associated with pathology must origi-
nate from intrinsic and/or synaptic changes, appreci-
ation of the network effects will be crucial for
understanding the role of inhibition after hearing
loss and tinnitus, as cellular or single-synapse changes
might have seemingly unexpected network effects.
Two current models describe the network effects of
inhibition in the auditory cortex: the inhibition
stabilized network (ISN) model (Kato et al. 2017),
and the cascaded feed-forward (CFF) model (Moore
et al. 2018). The ISN model is based on the strength
of cortical recurrent inhibition; the CFF model is
based on the multiple stages of cortical feed-forward
inhibition. The two models are not mutually exclu-
sive and explain how decreased inhibition by
photoactivation of different types of interneurons
leads to expected enhanced excitation and to
paradoxical enhanced inhibition in cortical princi-
pal neurons. It will therefore be important to be
aware of these models when trying to evaluate the
effects of cellular properties on the overall activity of
principal neurons and interneurons. For example, a
decrease in the intrinsic excitability of PV interneu-
rons might lead to enhanced PV activity in the
network. Moreover, based on the CFF model, local
decreases in inhibition can lead to layer- or site-
specific changes in the net spiking of interneurons;
whereas, such dependence on the location within the
network is not expected based on the ISN model. As
such, hearing loss and tinnitus also can be used as
physiological changes to assess whether AC operates
in either ISN or CFF or both regimes. At any rate, both
in vivo and in vitro cell-, synapse-, and network-specific
experiments are now doable and are needed to probe
the cortical mechanisms underlying neuronal adapta-
tions to hearing loss that might lead to tinnitus.
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Together, we propose that a detailed understand-
ing of the molecular, cellular, and circuit mechanisms
underlying the generation and differential localiza-
tion of tinnitus-related slow-wave oscillations is a key
requirement for the advancement of tinnitus research
and treatment. Elucidation of these mechanisms in
animal models of tinnitus will be crucial for designing
studies to test this hypothesis in humans. For example,
could T-type channel blockers help patients with
tinnitus? Moreover, the TCD paradigm and the
proposed research will provide specific guidelines for
the application of repetitive transcranial stimulation
(rTMS). Repetitive transcranial magnetic stimulation
is an investigative treatment involving application of
strong magnetic field impulses to the scalp to induce
an electrical current that alters neural activity directly
in the brain. Systematic reviews of randomized trials
have found conflicting results with respect to a benefit
in patients with tinnitus (Bauer 2018; Soleimani et al.
2016). Because the TCD model predicts that focused
stimulation in the area showing low-frequency en-
trainment would optimally remove or mitigate tinni-
tus and since the region of low-frequency activity
varies from patient to patient, the proposed MEG
localization onto a structural MRI of this area in every
patient would be consistent with a precision medicine
approach and beneficial for the patient.

TOWARDS A QUANTITATIVE, MECHANISTIC
MODEL FOR PREDICTING THE TYPE OF
TINNITUS CAUSED BY NOISE-INDUCED OR
AGING-DEPENDENT HEARING LOSS

We propose that in vitro/vivo studies in animal
models of tinnitus combined with research in humans
may unmask a relationship between themechanism and
the localization of the slow-wave oscillation with the type
and extent of the hearing loss in patients with tinnitus.

It is crucial to resolve the hypothesis whether there
is a link between the detailed audiological/
psychophysical profile of patients with tinnitus and
the specific localization of slow-wave oscillations.
Previous studies suggested that the extent of hearing
loss determines whether pathological slow-wave oscil-
lations are associated with auditory cortex, mostly
happening for smaller hearing threshold changes G
30 dB (Vanneste and De Ridder 2016), or with
memory systems such as the parahippocampus, seen
in patients with tinnitus with more robust hearing
threshold shifts. The audiological assessments in these
studies were based on changes in hearing threshold
criteria, but more accurate assessment of the amount,
type, and localization of hearing loss and hearing
function may provide better resolution.

Recent advancements highlight more sensitive
assays for quantifying auditory nerve damage, even
without changes in hearing thresholds, termed
synaptopathy or hidden hearing loss, thus providing
new opportunities for addressing the mechanistic
links between peripheral damage and central
changes that can ultimately predict and track
tinnitus. Based on Liberman et al. (2016), using
electrocochleography producing the ratio between
the waveform peaks generated by hair cells (summat-
ing potential (SP)) vs. cochlear neurons (action
potential (AP)), SP/AP ratio, may provide an objective
diagnostic and quantitative tool for synaptopathy,
despite the presence of normal thresholds at standard
audiometric frequencies. This work is preliminary, but
it sheds light on the potential of auditory biomarkers
for identifying locations and mechanisms of tinnitus
in humans. Different groups have used different
assays for detecting hidden hearing loss, such as
envelope following response (EFR) (Guest et al.
2017). EFR is the sustained response representing
neural synchrony to the envelope of an amplitude-
modulated stimulus. Although current studies dis-
agree in the involvement of synaptopathy in tinnitus
(Guest et al. 2017; Schaette and McAlpine 2011), such
studies in humans hold the promise to link differen-
tial hearing loss with specific tinnitus mechanisms,
further evidenced by the differential localization and
underlying mechanisms/frequencies of slow oscilla-
tions, depending on the extent of the peripheral
damage.

We propose that combinations of human-related
studies with animal model studies which correlate
tinnitus and its central correlates throughout auditory
and non-auditory centers over time with different
types and degrees of peripheral damage could be
helpful towards developing a detailed model that can
predict types of tinnitus based on the peripheral
damage and different central neural correlates.

TOWARDS A PRECISION MEDICINE
APPROACH

The implementation of a nosology that is based on
the underlying neurobiological mechanisms is the
initial stage in a precision medicine approach to
diagnosing patients experiencing tinnitus, hyperacusis,
misophonia, and false percepts, including polycusis. A
general schema in Fig. 3 suggests that the symptoms of
disorders of auditory perception reflect an interaction
between processing in auditory lemniscal pathways and
limbic and affective pathways. Although tinnitus has
mechanistic components that produce the unique
features of tinnitus, as discussed earlier, symptoms of
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hyperacusis and tinnitus are often comorbid and hence
they might share some common etiologic features, such
as elevated gain. Misophonia, on the other hand, is
dominated by a strong aversive component that may
parallel the interoceptive and affective components of a
conditioned taste aversion.

The next step is to explore whether the underlying
neurobiological mechanisms provide a rigorous ex-
planation and perhaps a prediction of the signs and
symptoms in patients with these disorders. If so, they
will form the basis for a precision medicine nosology.
In this context, audiological tests of speech compre-
hension need to test the impl icat ions of
thalamocortical processing models for perceptual
consequences of specific changes in performance
during tinnitus, such as dysregulation of coherence
within specific and non-specific thalamic loops, the
status of low-frequency oscil lations in one
thalamocortical network region, and the status of
high-frequency activation in a surrounding region.
For example, one might predict alterations in the
entrainment of delta and theta rhythms to speech
stimuli that are strong in auditory cortical regions,
including the augmented coupling between these
rhythms at edges of a continuous speech envelope
(Gross et al. 2013; Keitel et al. 2017). One critical gap
in our understanding is the identification of the
adequate stimulus dimensions of the speech enve-
lope that are detected by auditory cortices, and may
be disrupted by physiological alterations during
tinnitus.

For patients with tinnitus and hyperacusis, our
overall expectation for the next few years is a
modified classification, instructed by different periph-
eral and central plasticity mechanisms associated with
compensation for noise- and/or aging-dependent
hearing loss. Such etiology-based identification is
consistent with the modern approach of precision
medicine—an approach that differentiates underlying
causes and neurophysiological/network features.

Given the paucity of data related to the underlying
mechanism of tinnitus in humans, it is difficult to
produce a hypothesis-driven set of tests and test
parameters. Alternatively, there are numerous publi-
cations that have reported differences in audiological
tests between individuals reporting tinnitus and
those who do not report tinnitus. One approach is
to replicate these tests and further include tests
across the entire auditory pathway (Table 1), increas-
ing the chance of finding differences between
individuals with and without tinnitus. The parallel
execution and correlation of peripheral and central
tests will provide further advantage in developing
more precise models of tinnitus pathology. This type
of big data set might be well suited to an unbiased
machine learning analysis paradigm to assist in
ultimately building a hypothesis-driven model.

Tests of peripheral function should include com-
prehensive audiometry and otoacoustic emissions.
Comprehensive audiometry evaluates hearing sensi-
tivity. It has been reported that hearing thresholds in
subjects with normal hearing who have tinnitus were
worse than subjects with normal hearing who do not
have tinnitus (Fabijanska et al. 2012).

Otoacoustic emissions (OAEs) reflect the function
of cochlear outer hair cells. There are several ways to
record and report these results (distortion product
OAEs [DPOAEs], transient-evoked OAEs [TEOAEs],
spontaneous OAEs [SOAEs]). Data indicate that
DPOAE amplitudes (Fabijanska et al. 2012;
Paglialonga et al. 2010; Sztuka et al. 2010; Shiomi
et al. 1997) and TEOAE amplitudes (Paglialonga
et al. 2010; Omidvar et al. 2016; Chery-Croze et al.
1994) are reduced in subjects with tinnitus. Addi-
tionally, SOAEs are significantly different between
subjects with tinnitus and those without tinnitus
(Kim et al. 2011). Contralateral suppression of the
OAE response using noise is thought to reflect the
status of the medial olivocochlear system and has
been shown to differ in the presence of tinnitus
(Paglialonga et al. 2010; Favero et al. 2006; Riga et al.
2007).

Questionnaires are often used to evaluate the self-
perceived handicap that a subject experiences as a
result of their tinnitus (for example, the Tinnitus
Handicap Inventory and Tinnitus Functional Index).
For some people, tinnitus is a catastrophic distur-
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FIG. 3. Schematic block diagram of mechanisms that produce
misophonia, hyperacusis, tinnitus, polycusis, and other false auditory
percepts. Afferents from the cochlea, saccule, somesthetic pathways,
and visceral sensory pathways contribute to processing in auditory
lemniscal pathways. Modular thalamocortical processing is hypoth-
esized to contribute (1) a common component to comorbid features
of hyperacusis and tinnitus, (2) a component that produces unique
features of tinnitus, and (3) component(s) for other false auditory
perceptions. A parallel, interoceptive, and affective network pro-
duces the aversion, annoyance, fear, and pain-like features that may
be associated with hyperacusis and misophonia
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TABLE 1

Tests assessing human auditory pathway

Test Level of Auditory
Pathway Assessed

Finding: Compared to patients
without tinnitus, patients with
tinnitus…

References

Extended high
frequency audiometry

Cochlea Have not definitively been
shown to demonstrate
differences (conflicting
evidence exists)

Fabijanska et al (2012);
Barnea et al. (1990);
Shim et al. (2009)

Distortion product
otoacoustic emissions
(DPOAE)

Outer hair cells Have reduced DPOAE
amplitudes

Fabijanska et al (2012);
Paglialonga et al (2010);
Sztuka et al (2010);
Shiomi et al (1997)

Spontaneous
otoacoustic
emissions (SOAE)

Outer hair cells Who have normal hearing
and SOAEs have different
clinical and audiological
characteristics compared
with those without SOAEs

Kim et al (2011)

DPOAEs with
contralateral
suppression

Medial olivocochlear system Have absent or little DPOAE
contralateral suppression

Favero et al (2006);
Riga et al (2007)

Frequency
discrimination

Cochlea, neural, other stages
of higher-level processing

Who have moderate
self-perceived handicaps
due to their tinnitus
demonstrated poorer ability
to discriminate frequencies

Jain & Sahoo (2014)

Intensity
discrimination

Cochlea, lateral superior olive,
other stages of higher-level
processing

Did not demonstrate any
difference in ability to
discriminate intensities

Jain & Sahoo (2014)

Modulation
detection

Low spontaneous-rate fibers Demonstrate better, the same,
or worse performance
depending
on the carrier frequency

Jain & Sahoo (2014);
Moon et al (2015);
Yu et al. (2014);
Paul et al (2017)

Uncomfortable
loudness levels (UCL)

Cochlea, central auditory gain Have increased sensitivity to
loud sounds

Hebert et al (2013)

Acoustic reflexes Middle ear muscle response Have reduced or absent reflexes Wojtczak et al (2017);
da Cruz Fernandez
et al (2013)

Auditory processing Brainstem, corpus callosum,
primary auditory cortex,
temporal lobes

Have deficits Araneda et al (2015);
Goldstein & Shulman
(1999);
Fournier & Hebert (2013);
Gilani et al. (2013);
Jain & Sahoo (2014);
Ryu et al (2012); Newman
et al (1994); Epp et al (2012)

Short-latency responses
(ECochG, ABR)

Cochlear nerve, cochlear nucleus,
superior olivary complex /
lateral
lemniscus, inferior colliculus

Demonstrate differences in
waveform latencies and
amplitudes

Singh et al (2011); Gerken et
al (2001); Schaette &
McAlpine (2011); Horowitz
et al. (1996); Konadath &
Manjula (2016)

Envelope following
response

Cochlear nerve, cochlear nucleus,
superior olivary complex /
lateral
lemniscus, inferior colliculus

Have not definitively been
shown to demonstrate
differences (nonsignificant
trend for lower amplitude
in individuals with tinnitus)

Paul et al (2017); Guest
et al (2017)

Auditory Steady State
Response (ASSR)

Primary auditory cortex, auditory
midbrain, thalamus, superior
olivary complex, inferior
colliculus, cochlear nucleus

Demonstrate: what may
reflect a loss of intracortical
inhibition in deafferented
frequency regions of the
primary auditory cortex,
specific functional patterns
correlated to their ratings
of their tinnitus perception,
and an increase in multiple

Wienbruch et al
(2006); Schlee et al
(2008); Diesch
et al (2010)
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bance. For others, it has little-to-no effect on their
lives. Additionally, subjects with tinnitus frequently
have comorbid mental health issues (Pinto et al. 2014)
which affect their ability to cope with the tinnitus. We
are interested in determining whether the neuroim-
aging data obtained from the magnetoencephalogra-
phy and electroencephalography testing which allows
us to evaluate slow brain wave oscillations will be
predictive of how the subjects are experiencing or
suffering from their tinnitus.

Because there is no objective measurement avail-
able which will demonstrate the perception of the
subject’s tinnitus, pitch and loudness measurements
are often completed. It has been suggested that the
audiogram configuration may correlate to the subjec-
tive report of the tinnitus (Pan et al. 2009; Sereda
et al. 2011; Moore et al. 2010; Schecklmann et al.
2012; Shekhawat et al. 2014). Some data suggest that
the majority of subjects with tinnitus match the pitch
of their tinnitus to be at or above 3000 Hz (Reed 1960;
Meikle and Taylor-Walsh 1984). Additionally, an
estimated 90 % of subjects who perceive tinnitus
experience the phenomenon of residual inhibition in
which the tinnitus percept is decreased following the
presentation of a masking stimulus (Henry and
Meikle 2000; Vernon and Meikle 2003).

Psychoacoustic testing evaluates a subject’s ability to
identify small differences in stimuli (i.e., discriminate
between different frequencies and intensities or detect
modulation). Jain and Sahoo (2014) suggest that subjects
with tinnitus display impairments in these abilities when
compared to subjects without tinnitus. Additionally,
patients with tinnitus demonstrated better the same or
worse performance on a modulation detection task
depending on the carrier frequency (Jain and Sahoo
2014; Moon et al. 2015; Paul et al. 2017).

Loudness discomfort levels are a subjective measure-
ment of perceptual loudness and indicate themaximum

sound intensity that a patient can tolerate. Decreased
ability to tolerate specific environmental sounds has
been commonly noted in subjects with tinnitus
(Jastreboff and Jastreboff 2000). In subjects with tinni-
tus, sensitivity to loud sounds was enhanced (Hebert
et al. 2013). Additionally, measurements indicate that
subjects with tinnitus have abnormal perception of
loudness scaling (Weisz et al. 2004; Newman et al. 1994).

Immittance testing includes tympanometry and
acoustic reflex results. Tympanometry evaluates the
status of the middle ear and the acoustic reflex
response reflects the function of the stapedius muscle
contraction in response to loud sounds. This acoustic
reflex is different from the gap prepulse inhibition of
the acoustic startle reflex (GPIAS) often used in
animal models of testing. In subjects with tinnitus,
acoustic reflexes have been reduced or absent
(Wojtczak et al. 2017; Fernandes Lda et al. 2013).

Auditory processing ability reflects the brain’s
ability to interpret complex stimuli. Tests of auditory
processing ability in patients with tinnitus often reveal
deficits in this area (Araneda et al. 2015). There are
several domains that are typically assessed: binaural
integration, binaural separation, temporal, auditory
closure, auditory figure-ground, and binaural interac-
tion. In subjects with tinnitus, abnormal scores on this
test battery are common (Jain and Sahoo 2014;
Newman et al. 1994; Fournier and Hebert 2013;
Mehdizade Gilani et al. 2013; Epp et al. 2012;
Goldstein and Shulman 1999; Ryu et al. 2012).

Short-latency electrophysiologic responses
(electrocochleography, auditory brainstem response
[ABR], envelope following response [EFR], and
frequently following response [FFR]) measure the
electrical impulses generated by the auditory nerve
and brainstem that occur in the first 0–10 ms
following a transient stimulus. Data show that wave-
form latencies (Singh et al. 2011; Gerken et al. 2001)

TABLE 1

Continued

Test Level of Auditory
Pathway Assessed

Finding: Compared to patients
without tinnitus, patients with
tinnitus…

References

mode SSR amplitude
Mid-latency responses Thalamocortical projections

to primary and secondary
auditory cortices, medial
geniculate

Have increased amplitudes
and deficits in reaction times

Singh et al (2011);
Konadath & Manjula
(2016); Dornhoffer
et al. (2006)

Long-latency responses Multiple generators in
Heschl's gyrus (auditory cortex)

Have demonstrated amplitude
differences, latency
differences, and intensity
dependence

Jacobson & McCaslin
(2003); Norena et al.
(1999); Jacobson et al.
(1996); Delb et al. (2008);
dos Santos Filha & Matas
(2010); Attias et al (1996);
Lee et al. (2007)
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and amplitudes (Schaette and McAlpine 2011; Attias
et al. 1996; Konadath and Manjula 2016) are different
between ears with tinnitus and ears without tinnitus.
Tinnitus has not definitively been shown to affect the
EFR, although recent data have demonstrated a non-
significant trend for lower amplitude in individuals
with tinnitus (Guest et al. 2017; Paul et al. 2017).

Electrical (EEG) and magnetic (MEG) neuronal
activity can test stages of information processing from
the thalamus throughout auditory cortices and exec-
utive control cortex in posterior parietal and frontal
cortices. Here is a battery of proposed tasks:

Task 1. Resting state EEG/MEG both in silent and
with white noise to mask the tinnitus.

Task 2. Auditory-evoked potentials. Presentations
of a series of 600 click stimuli to allow
recording of mid-latency (thalamic and
auditory sensory cortex, 25–50 ms) and
long-latency (primary and associative au-
ditory sensory cortex, 50–200 ms) evoked
potentials to test early and late sensory-
perceptual processing.

Task 3. Auditory steady state response. Presentation
of short (500 ms) bursts of clicks at 20
(betaband) and at 40 Hz (gammaband). This
steady state-evoked potential, especially at
gamma frequencies, will allow for assessment
of auditory sensory circuits to coordinate
activity at high processing speeds.

Task 4. Roving standard mismatch negativity. Presenta-
tions of short sequences of repeated tone pips,
changing the frequency every two to four tones.
This will allow for probing sensory activity in the
area of specific frequency loss and also the
ability to detect frequency changes as well as
cortical repetition suppression.

Task 5. P300 oddball target detection. Presentation of
an “oddball” task with a highly frequent
standard tone (85 %) and an infrequent
target tone (15 %). Participants will either
ignore the tones or detect the oddball. This
will allow for detection of auditory cognitive
processing, and for the activation of frontal
and parietal executive control areas in the
service of selective attention.

Task 6. Dichotic word task. Presentation of different words
to each ear, and ask participants to concentrate on
one ear. This will allow for probing of attentional
systems and cognitive control to naturalistic speech
stimuli in the disorder.

These data should be collected with high-resolution
structural MRI information and use the Human
Connectome Project parcellation scheme to source-

resolve sensor-level activity to the cortical surface. Con-
nectivity analyses of MEG including phase-locking (PLV)
methods (Ghuman et al. 2008, 2011, 2013) are useful for
these studies. Connectivity maps can be created from
analysis of the MEG data and can be quantitatively
compared across conditions. PLVs between these regions
can be determined by analyzing the variability in the
phase difference across trials or time (Lachaux et al. 1999)
and comparing the PLVs in individuals who suffer from
tinnitus to controls. Finally, sensitive multivariate classifi-
cation methods from machine learning on these data for
careful examination of neural differences between indi-
viduals with tinnitus and controls would be helpful.
Briefly, all-to-all connectivity matrices with respect to
frequency can be split into training and test sets. Classifiers
can be trained on the training set and the accuracy of the
model can be assessed by determining classification
accuracy on the test set.

Here are some examples where testing can become
more hypothesis driven and therefore more “precise”
given what the participant presents with in terms of
tinnitus.

When exploring the Envelope Modulation Detec-
tion, individuals with tinnitus complete a pitch
matching process. This pitch is then being use as the
base stimulus in the modulation distortion task for
this individual. Therefore, each subject will have a
customized signal in the Envelope Modulation Detec-
tion task based on their perceived tinnitus. Previous
studies have shown mixed results with this task in
differentiating individuals with and without tinnitus
and this may be related to the proximity of the test
signal to the individual’s tinnitus. Using one fixed
signal could significantly add to the variability seen.
This variability will be reduced by matching the test
stimulus to the individual’s perceived tinnitus.

Regarding OAE suppression, the animal model
supports a lack of inhibition in animals suspected of
having tinnitus. In the human, we expect suppression
of the OAE when noise is presented to the contralat-
eral ear. If the system has a lack of inhibition, one
would hypothesize that the OAE would not be
suppressed in individuals with tinnitus. Several re-
searchers have reported a difference in suppression
for individuals with perceived tinnitus (Paglialonga
et al. 2010; Favero et al. 2006; Riga et al. 2007).

In the envelope following response, tinnitus has
not definitively been shown to affect the EFR,
although recent data have demonstrated a non-
significant trend for lower amplitude in individuals
with tinnitus (Guest et al. 2017; Paul et al. 2017).
Using individualized stimuli to elicit the EFR based on
the subject’s perceived tinnitus frequency may reduce
the variability seen in previous studies and allow us to
see an effect specific to the frequency area of the
tinnitus.
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Overall, based on extensive peripheral and central
testing of the same subjects with tinnitus as described
earlier, we anticipate that identification of particular
groups of patients with tinnitus would be more likely
to respond to treatment if a selection is made on the
basis of symptoms, objective tests, and neurobiological
models of etiology. This approach will need to
encompass features such as where the slow oscillations
are observed, the frequency content and temporal
relations of the slow oscillations, and characterization
of central adaptations in the context of well-
characterized peripheral hearing loss. Identification
of different patient subgroups with distinct audiolog-
ical, psychophysical, and neurophysiological charac-
teristics will facilitate the management of patients with
tinnitus as well as the design and execution of drug
development and clinical trials, which, for the most
part, have not yielded conclusive results.

An alternative outcome of a precision medicine
approach in tinnitus would be that additional mech-
anistic phenotyping might not lead to the identifica-
tion of distinct drivers in each individual, but instead,
it might reveal that each individual may display a
quantitative blend of causal factors. Therefore, a
precision medicine approach towards identifying
these causal factors might not lead to subtyping these
patients but may instead highlight causal pathways
that can be manipulated for therapeutic gain. These
two outcomes are not mutually exclusive, and no
matter what the final outcome is, a mechanistic-driven
precision medicine approach is a win-win approach
for advancing tinnitus research and treatment.

ANIMAL MODELS TOWARDS
UNDERSTANDING PLASTICITY
MECHANISMS—WHAT IF WE NEVER DEVELOP
OR GLOBALLY ACCEPT AN ANIMAL MODEL
OF TINNITUS?

The brain is plastic, capable of continuous, small- and
large-scale anatomical, neurochemical, and functional
change—in either a positive or negative direction and
across the life span. The neuroplastic processes that
underlie the emergence of—and that perpetuate and
elaborate the deficits of—tinnitus are the same process-
es that can be used to drive changes in a corrective
direction, and can potentially ameliorate tinnitus.

Animal models will be crucial in developing a
deeper mechanistic understanding of molecular,
cellular, and circuit mechanisms of brain plasticity in
response to sound exposure. One current problem in the
tinnitus field is the lack of a commonly accepted animal
model for tinnitus. This problem, which needs to be
addressed by the improvement and standardization

existing animal models, use of appropriate statistics, such
as ANOVA tests and corrections formultiple comparisons,
distinction between correlative and causative statements,
and control of the acoustic environment in tinnitus
behavioral experiments (Jones and May 2018), has been
discussed in previous reviews (Galazyuk and Hebert 2015)
and has resulted in some hesitation or skepticism
regarding mechanistic studies in animal models. We still
propose that a detailed understanding of the cellular/
molecular/circuit plasticity of brain circuits in response to
aging or exposure to loud sounds and hearing loss
(hidden or not) will be crucial not only for tinnitus but
also for the understanding and treating of many other
hearing-related pathologies, such as neuropathies,
hyperacusis, and hearing loss. Tinnitus is part of a
pathological continuum in the consequences of noise-
induced or aging-dependent hearing loss, including hair
cell loss, synaptopathy, subsequent changes in the central
gain, balance of excitation and inhibition, and synchrony
and tonotopy. These plasticity mechanisms are found in
the cochlear nucleus,midbrain, thalamus, auditory cortex,
and other non-auditory-related structures. Detailed un-
derstanding of this continuum will be crucial for under-
standing the peripheral and central neural mechanisms
that can cause and correct hearing-related disorders, such
as tinnitus and hyperacusis. Such understanding is useful
and crucial, even if we are not sure at the moment
whether our animal models are detecting (only) tinnitus.

An analogue that comes to mind is the extensive
research of synaptic plasticity mechanisms in the hippo-
campus, such as long-term potentiation (LTP) and long-
term depression (LTD), in the 90s. Themain justification
for this research at the time was the involvement of these
mechanisms in memory and learning—such causal
linkage was far from concrete at the time. Despite this
uncertainty, the thorough and high-quality research of
these mechanisms advanced tremendously the field of
neuroscience, not only in terms of addressing memory
and learning but most importantly in uncovering funda-
mental mechanisms of synaptic function, such as recep-
tor trafficking and synaptic structure/function, which are
now crucial formany disorders, such as addiction, autism,
and schizophrenia. Therefore, we suggest that high-
quality mechanistic work on all aspects of peripheral
and central mechanisms in response to sound or aging
are crucial for understanding, characterizing, and curing
hearing-related disorders, including tinnitus.

There is a possibility that there will never be a
globally accepted animal model for tinnitus. However,
mechanistic insight on plasticity mechanisms gained
by animal models of noise-induced hearing loss along
with the human studies described in the previous
section will produce a revolutionary new dynamic
picture of the tinnitus brain that, for the first time, will
show how individual cells and complex neural circuits
interact in both time and space after noise-induced
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hearing loss and tinnitus. By extension, abnormally
organized auditory and non-auditory networks, and
their associated perceptual and cognitive deficits,
should be amenable to pharmacological or intensive
training-based remediation. The idea is to apply novel
strategies and technology that customize training,
based on the location of the mechanism of pathogen-
ic plasticity, to address the specific neurological
deficits of each person.

TOWARDS ENHANCING ACCESS TO
EVIDENCE-BASED INFORMATION AND MEDI-
CAL SERVICES FOR HEALTH CARE PROVIDERS
AND PATIENTS WITH TINNITUS

The Clinical Practice Guideline: Tinnitus, which was
based on a systematic review of randomized con-
trolled trials (Tunkel et al. 2014), was completed in
early-mid 2013, and numerous new findings have
been reported since then. It is therefore crucial that
findings from those trials are integrated with the
recommendations from the Clinical Practice Guide-
line: Tinnitus.

Moreover, concerted effort by Clinics and Tinnitus
Centers to provide current data-driven knowledge to
health care providers and patients would be extremely
helpful. Unfortunately, when patients with tinnitus
search the internet for tinnitus information, they are
bombarded with sites that falsely claim a product or
service will cure or mitigate tinnitus. A website from
AAO-HNSF and the American Academy of Audiology
(AAA) specific to patients with tinnitus to address
their education and information would be a service to
patients seeking accurate information. Otolaryngolo-
gists and audiologists form the team who currently
diagnose and treat these patients, and it would be
ideal for these two professional organizations to
present consistent information to the patients suffer-
ing from tinnitus.
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