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Tinnitus is an auditory phantom characterized by the perception of sound without the
presence of an external acoustical source. The peripheral auditory system is considered to
contribute to the initiation of tinnitus but only explains the severity and distress level to a
limited degree. The neuropsychological models of tinnitus have been developed to ex-
plain the pathophysiology of tinnitus as a malfunctioning feedforward/feedback signal in
the central neural system including the auditory brainstem, limbic system, auditory corti-
ces, and other anatomical features. Functional neuroimaging techniques have been intro-
duced in recent decades and have provided non-invasive tools to assess the working hu-
man brain in vivo. Researchers have found these techniques valuable in examining the
neural correlates of tinnitus and have been able to not only support the neuropsychologi-
cal model but to expand it. Though neuroimaging studies on tinnitus only began in 1990s,
they have been increasing exponentially in number. In this review, we investigate the cur-
rent state of functional neuroimaging studies on tinnitus in humans. The characteristics of
commonly used functional neuroimaging techniques including positron emission tomog-
raphy (PET), functional magnetic resonance imaging (fMRI), electroencephalography (EEG)
and magnetoencephalography (MEG) are also discussed. We briefly review recent studies
on the tinnitus-brain relationship that have used those research tools.
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INTRODUCTION

Tinnitus is an auditory phantom characterized by the percep-
tion of sound without an external acoustical source [1]. A number
of people unknowingly experience tinnitus in their daily lives,
since most of the time it appears as a mild and temporary state.
But some experience persistent tinnitus that gradually increases in
intensity, leading to discomfort in their daily lives and disturbanc-
es in carrying out routine tasks for those who suffer from it. Chron-
ic tinnitus occurs in 6-20% of adults, and 1-3% of these patients
suffer from severe damage to their quality of life; such patients re-
quire treatment from an otologic specialist [2,3]. An aging popula-
tion and industrialization in Korea have attributed to the increase
in the proportion of the population who are exposed to and affect-
ed by increased background noise. This increased environmental

noise is believed to be the primary cause for the rising trend in tin-
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nitus patients. In 2014, a large-scale cohort study showed that the
prevalence of tinnitus was around 21.4% in adults, of whom 7.3%
had severe tinnitus; the chief complaints among these patients
were reported to be psychological symptoms such as sleep distur-
bance and depression [4].

Tinnitus is classified into two sub-types: objective tinnitus and
subjective tinnitus. Patients with objective tinnitus perceive a real
acoustical source from their body, which is commonly discerned
as pulsatile blood flow or as abnormal muscle movements. This
means that, although objective tinnitus rarely occurs, given that
its cause is known, it can be completely treated [5,6]. Subjective
tinnitus occurs more commonly than objective tinnitus, and only
the patients themselves can perceive the sound, making an objec-
tive assessment of the condition difficult. It is equally difficult to
delineate the cause and the etiology of objective and subjective tin-

nitus. Since sound perception in patients with subjective tinnitus
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has no correlation with an external acoustical source, we presume
that the central auditory system, rather than the peripheral audi-
tory system, is closely related to the phenomena seen in subjective
tinnitus.

The results of many studies that have investigated the etiology
of tinnitus support the hypothesis that tinnitus begins as the loss
in functions of the peripheral auditory system. Yet, tinnitus was
seen to have persisted despite transections of the eighth cranial
nerve, which shows that a dysfunctional peripheral auditory sys-
tem alone cannot be the sole etiological factor. Some have advocat-
ed a neurophysiological model of tinnitus that is based on the cen-
tral auditory system, rather than peripheral models [7-9]. In ani-
mal studies, tinnitus elicited through exposure to ototoxic drugs
or to background noise in mice showed an increase in the sponta-
neous firing rates within the brainstem and the auditory cortex
[10]. Auditory afferent information decreases with peripheral hear-
ingloss, which is transmitted through the central auditory system.
Conversely, the spontaneous nerve activity increases in the central
auditory system, which is believed to induce tinnitus. In a separate
study, tonotopic map reorganization of the auditory cortex was re-
ported in a tinnitus-induced animal model [11]. However, one must
be cautious because data from animal studies may not be general-
izable to humans.

Functional neuroimaging takes an in vivo measurement of CNS
function and is widely used in clinical and scientific research. The
representative methods of functional imaging are positron emis-
sion tomography (PET), functional magnetic resonance imaging
(fMRI), electroencephalography (EEG), and magnetoencephalog-
raphy (MEG). Functional neuroimaging techniques for tinnitus
emerged in the late 90s. The approach at the initial stages was de-
lineation of the anatomical regions of the brain that were affected
by tinnitus. In recent times, research interests have expanded be-
yond this to look at clinical markers such as sidedness, duration,
and perception of tinnitus and correlation of these clinical mark-

ers with neuronal function and connectivity. To interpret studies

Table 1. Characteristics of functional neuroimaging techniques
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on tinnitus that have used functional neuroimaging techniques,
an understanding of the protocols and relative benefits and limita-
tions of each technique is required. An interpretation should be
drawn while taking these points into consideration. In this review,
we describe the representative functional neuroimaging techniques
used in tinnitus research and evaluate the scientific achievement

derived from these tools.

MAINTEXT

We reviewed the representative functional neuroimaging meth-
ods, their relative advantages and disadvantages, and the literature
concerning the studies that had been carried out using each tech-
nique on tinnitus. The general characteristics of each method have

been summarized in Table 1.

1.Positron emission tomography

Positron emission tomography is used in the clinical context to
diagnose diseases, but its use also extends to the research field, be-
ing one of the most widely used neuroimaging tools alongside
fMRI. In PET, a radioactive tracer is injected intravenously into
the bloodstream, and then the regional cerebral blood flow (rCBF)
or metabolic changes are measured. The region of the cerebrum
responsible for the response to a certain stimulus or action exhib-
its neuronal hyperactivity and focalized increases in blood flow.
The increased blood circulation indicates that energy and oxygen
are being supplied to these regions. The injected tracer, according
to its physiological characteristic, is metabolized in specific re-
gions of the brain where it is needed, and as the isotope decays, it
emits a positron. This positron is combined with an electron cir-
cling the nucleus and is annihilated, resulting in the formation of
two gamma rays traveling in opposite directions. After detection
of the gamma ray through a PET scanner, the transmitted signal is
computerized into a 3-dimensional image depicting the in vivo

position and distribution of the tracer. This PET 3D image pro-

Temporal resolution ~ Spatial resolution Measurement Availability Noise generated during acquisition  Studies of prosthesis users (Cl, HA)
PET Minutes to hours + Radioactivity Fair Low Easy
fMRI Seconds +HH+ BOLD response Good High Difficult
EEG Milliseconds + Electric current Good Very low Easy
MEG Milliseconds +H+ Mlagnetic current Poor Very low Difficult

PET, positron emission tomography; fMRI, functional magnetic resonance imaging; EEG, electroencephalogram; MEG, magnetoencephalogram; BOLD, blood oxygen level-de-
pendent; Cl, cochlear implants; HA, hearing aids.
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vides spatial information regarding the activated neuronal cells.
The commonly used isotopes in PET are C-11, N-13, O-15, and
F-18. The physical half-life differs among the isotopes, and its bio-
chemical and physical characteristics may change according to the
element with which it forms a compound. Isotopes are selected in
light of the purpose and design of each study. The most commonly
used radioactive tracer in functional neuroimaging is H,"*O, which
has a relatively short half-life of 123 seconds. Taking a PET scan
using an isotope with short half-life allows us to capture the swift
response that appears when a patient is concentrating on a certain
task. Besides this, "fluorodeoxyglucose (*F-FDQG) is also widely
used, but since its half-life is around two hours in the brain, it is
often used to investigate brain activity during the resting state.

Limitations of positron emission tomography include the in
vivo injection of a radioisotope; this leads to issues of radiation ex-
posure. Other drawbacks of PET are the low spatial resolution (4-8
mm), making it difficult to discriminate specific anatomical loca-
tions and a low temporal resolution, which is lower than that of
EEG or MEG [12]. However, PET has lower background noise com-
pared to fMRI, making it an appropriate method of choice when
performing studies that involve auditory tasks. It also has the ad-
vantage that it can be used for studies on patients with cochlear
implants who are sensitive to magnetic fields [13,14].

A FDG-PET study in 1996 reported that, tinnitus patients showed
greater metabolism than controls at the primary auditory cortex
(PAC) of the left hemisphere during a resting state. Since the extent
of the increase was significantly correlated with the subjective tin-
nitus distress, it was presumed to be a tinnitus-induced change in
the central auditory system [20]. Using the same approach, chang-
es in the auditory cortex were used to calculate the extent of sym-
metry between the left and right hemispheres. They found that
tinnitus patients showed a strong asymmetry, and in agreement
with previous studies, the left hemisphere showed a greater me-
tabolism rate than the right hemisphere [21,22]. Most studies us-
ing H,"O as a tracer have measured increased CBF associated with
auditory tasks. They have reported that tinnitus patients, compared
to controls, showed increased neural activity in the auditory cor-
tex and the limbic areas. Functional connectivity between those
two areas also increased; altogether this evidence supports the
neurophysiological model of tinnitus [23-25]. Recently, repetitive
transcranial magnetic stimulation (fTMS) was carried out asa mode
of treatment, to determine whether the exaggerated response to

sound seen in tinnitus patients can be controlled. Intriguingly,
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neuronal activity in the auditory cortex was shown to decrease
with rTMS.

2.Functional magneticresonanceimaging

Functional magnetic resonance imaging is based on the same
underlying principle as PET; activity in the brain induces the move-
ment of various metabolites, and this metabolism is calculated in-
directly in fMRI. When a neuronal mass is active, the level of oxy-
gen intake into the area increases. To make up for the oxygen con-
sumption, blood flow into the region increases accordingly. In fMRI,
the brain region responsible to perform specific functions for a
given task shows intensified neuronal activity and an increase in
blood flow from its immediate surroundings, leading to a relative
accumulation of oxygenated hemoglobin compared to its surround-
ings, which correlates with an intensified signal on fMRI. This is
called a blood oxygen level-dependent (BOLD) signal, which reach-
es its maximal point in around 6-10 seconds following activation.

Functional MRI is superior in terms of safety, because there is
no risk of radioactive exposure, unlike PET, which means that ex-
aminations can be performed repeatedly. Among the four imag-
ing techniques described in this review, fMRI has the highest spa-
tial resolution (1.5-3 mm), allowing anatomical positions of the
brain to be located and mapped accurately and functional aspects
of each brain region to be analyzed individually. A limitation of
fMRI is its low temporal resolution compared to EEG and MEG,
which measures electrical activity; thus, it is inappropriate for use
in assessing very rapid changes in nerve activity in response to a
stimulus [15,16]. The drawbacks of fMRI are especially evident
when it is used to assess brain activity in response to auditory-re-
lated tasks, as there are loud scanner noises during image acquisi-
tion (the internal coil can cause a noise level of 110-130 dB SPL).
This is disadvantageous when test subjects have sustained audito-
ry impairments, and such individuals are most likely to have me-
tallic implants in their body (e.g., cochlear implants, hearing aids).
This means that not only safety concerns prevent the use of MRI,
but also the noise arising from the device during imaging can have
a bearing on the results. When planning an fMRI experiment
with auditory tasks, one must take into consideration the noise
level and stimulation level.

Most early studies of fMRI investigating tinnitus used auditory
stimulation. In 2000, pathologic signal patterns at the contralater-
al inferior colliculus (IC) were examined while patients perceived

tinnitus sounds [26]. Subsequent studies showed that the patho-
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logic patterns associated with tinnitus were not only seen in the IC
but also in the medial geniculate body of the thalamus and the au-
ditory cortices of the bilateral hemisphere. Therefore, studies have
demonstrated neural evidence of auditory phantom perception,
thereby demonstrating the capacity of fMRI to objectively assess
tinnitus [15,27]. As with the results of studies on PET, those of
fMRI have shown increased connectivity in the auditory-limbic
system in patients with tinnitus. Not only were there tinnitus-de-
pendent changes in functional connectivity but also changes in
the structure of the ventromedial prefrontal cortex [28]. At resting
state, studies using fMRI showed that tinnitus-induced emotional
changes are associated with the posterior cingulate and the insula
regions, and in chronic tinnitus, changes in the default mode net-
work (DMN) were also examined [29]. Individuals with higher
tinnitus distress were shown to have a more enhanced fronto-pa-
rietal-cingulate network than those with lower distress [30]. As
such, the focus of investigation has been directed towards how
tinnitus-induced alterations in various regions of the brain or how
the changes in connectivity of each brain region correlate to the
clinical characteristics of the disease rather than on tinnitus-in-

duced focalized changes in the auditory pathway.

3.Electroencephalography

In electroencephalography (EEG), electrical impulses fired from
the neuronal mass within the brain are measured at the brain sur-
face. Here, we aim to describe specifically quantitative EEG (QEEG)
in greater detail. A standardized, routine method is used to mea-
sure brain waves, and the resulting data are modeled by a comput-
er. The modeling of EEG data tended to be restricted to Fourier
transformation, but now other methods such as Hilbert transfor-
mation, wavelet transformation, independent component analysis
(ICA), or source analysis have been used to quantify the data. The
reformatted data is superimposed against a cerebral model already
embedded in the analysis program to give a localized assessment
of brain activity.

Unlike the evoked potentials (EPs) method that measures the
evoked brain waves by stimulation, QEEG can measure the elec-
trical signals continuously while the recipient of QEEG is consci-
ous, which means that QEEG data can be obtained relatively easi-
ly, compared to other imaging tools. Unlike PET and fMRI, nei-
ther bulky measurement devices nor stimulation-delivery instru-
ments are needed. Further, for clinical analysis, since a normative

database already exists, standardized analytical techniques can be
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easily used for statistical analyses. A drawback of QEEG is its rela-
tively low spatial resolution in comparison to those imaging tech-
niques described above. Since the measurements are performed
on the surface of the head, neuronal signals may be diminished or
distorted while traveling through the skull, and scalp, resulting in
a compromised current; this means that assessing deep brain struc-
ture may be difficult by this method [17,18]. However, a favorable
temporal resolution can be obtained through QEEG because it is
the electrical signal that is measured.

When tinnitus studies began using QEEG in the early 2000s,
the results of these studies confirmed those of previous studies
that reported tinnitus-dependent changes in the temporal audito-
ry regions and the temporo-frontal regions of the brain. These
studies have again corroborated that not only were neuronal changes
observed in the temporal regions but also in the frontal regions.
This phenomenon has been explained as the effect of tinnitus-in-
duced depression, which is prevalent in tinnitus patients with high
distress [31,32]. Some EEG studies have confirmed that an increas-
ed gamma frequency range in the temporal regions has been prov-
en by MEG measurement. Therefore, EEG has proved to be sensi-
tive to measuring such a small change that had been presumed to
be measurable only using MEG. This comparable sensitivity is an
advantage of EEG, given that it is much more accessible than MEG
[18,33,34]. In another study, it has been observed that tinnitus pa-
tients have a reduced alpha coupling network but an enhanced
gamma coupling network [35]. Recent studies have used LORETA
analysis, which enhances spatial resolution, to show that different
regions were hyperactivated depending on the level of subjective
tinnitus distress; it was found that the greater the index of subjec-
tive distress, the stronger its association was with alpha and beta
signals of the dorsal anterior cingulate cortex of the limbic system
[36-38]. A recent study that co-analyzed the results of voxel-based
morphometry (VBM) and of QEEG found that changes in neuro-
nal signals in the regions of the dorsal cingulate gyrus, the hippo-
campus, and the parahippocampus were associated with tinnitus-
induced distress and with the duration of tinnitus [39]. Recently,
novel analytical approaches have been developed to enhance the
validity of EEG in order to improve the measurement of signals

from sub-cortical sources.
4.Magnetoencephalography

Magnetoencephalography measures neuromagnetic signals us-

ing extracorporeal sensors. Since these neuromagnetic signals are
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extremely weak, superconducting quantum interference devices
(SQUIDS) are required for their detection. The neuromagnetic
signals, generated by neuronal activity, are quantified in a real-time
manner, and an MEG helmet with around 300 SQUIDS bathed in
liquid helium and arrayed in its inner surface is worn by the patient
during the measurement [19].

Since EEG is a measure of neuronal impulses that have come to
the surface after penetrating several layers of tissue, spatial distor-
tion of information may occur. Unlike EEG, MEG is known for its
excellent spatial resolution because magnetic fields can penetrate
the head without distortion, allowing for a homogenous distribu-
tion of magnetic waves. Furthermore, because MEG is completely
non-invasive, its measurements are made outside the head inde-
pendently of its source of magnetic field. No electrical probes are
needed, and the non-invasive quality of MEG allows repeated mea-
surements within a short period of time in an individual. Its draw-
backs include a high cost as depicted by the fact that only 20 ma-
chines exist in the US and only 2 in Korea; this severely limits the
accessibility of this approach. It is used clinically for the pre-surgi-
cal brain mapping of patients with a brain tumor or epilepsy. In
scientific research, MEG has been used to investigate psychologi-
cal conditions such as dementia and schizophrenia but also clini-
cal conditions related to sensory function (auditory, vision, lan-
guage disorders, or pain); the literature shows that the topics en-
compassed by MEG studies are widening [17].

Studies using MEG have showed a markedly decreased level of
the slow alpha band and relatively increased delta power in the au-
ditory cortices of tinnitus patients, which is similar to previous EEG
studies [40]. The region of hyperactivity differs depending on the
sidedness of the tinnitus; unilateral tinnitus induces hyperactivity
in the contra-lateral auditory cortex, whereas bilateral tinnitus in-
duces hyperactivity in both hemispheres [41]. Recently, connectivi-
ty analysis among brain regions in tinnitus patients was made to
explain changes in the context of a global network. The authors of
this study found that the gamma band of the global networks, com-
prising the prefrontal cortex, orbitofrontal cortex, and parieto-oc-
cipital region, differed between controls and tinnitus patients. They
also found that the changes in connectivity in tinnitus patients were
related to their subjective distress [42]. The gamma band of the right
auditory cortex was shown to be increased not only in chronic tin-
nitus patients but also in those who had temporary tinnitus. In ad-
dition, the experience of tinnitus itself was shown to lead to the os-

cillatory alterations of the cerebral cortex [43,44].
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CONCLUSION

Here, we reviewed how functional neuroimaging can be used to
understand tinnitus-related changes in the human central nervous
system. We explored the studies that had been performed using
each type of functional neuroimaging method by comparatively
analyzing their research protocols and the results. Recent neuro-
imaging studies on tinnitus are aiming at not only the detection of
functional changes but also its therapeutic implications by com-
bining neuroimaging with neuromodulation techniques such as
transcranial magnetic stimulation. As much as functional imag-
ing has the potential to have strong clinical and scientific signifi-
cance, its current significance as a clinical tool remains weak as
these are time-consuming and costly. However, future research
would increase the accuracy and the objectivity of functional im-

aging to diagnose tinnitus and assess the treatment outcomes.
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