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Foreword

A major part of this book is the result of the work of a group of people from different disciplines
who agreed to work together in better understanding the pathophysiology of tinnitus and in searching
a cure for it.

Often - not only in science — progress and discovery have initiated from the efforts of a small group of
people with little means but with creativity and enthusiasm.

In the 50’s small “Cinecitta” in Rome surprised the Moguls of Hollywood and produced artists like
Rossellini, De Sica and Fellini. A small movie studio but a big school nearby, where students could interact
with artists and writers and directors with just one aim: do nice movies.

In other words a group of people working with the right model, the right dynamics and for the right
reasons.

As giant pharmaceutical companies take less risks and focus more and more on manufacturing and
marketing, small but efficient groups continue to have an important role in the structuring and creation of
new solutions for old pathologies.

As founder and sponsor of the Tinnitus Research Initiative (TRI), as well as other organisations, I have
come to realize that if one succeeds in gathering a group of motivated people who think and act correctly in
a collaborative way and for the right reasons, you get back much more than you have given, whether it is in
time, experience or money.

I believe that the organizers of TRI have gathered such a group.

The practical result of their work will not be visible for a few more years, but I think and wish they will
succeed.

As a tinnitus sufferer, thank you!

Principality of Monaco, July 2007
Matteo de Nora
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Preface

Tinnitus: Pathophysiology and Treatment

There are two main types of tinnitus, objective and subjective tinnitus. Objective tinnitus is caused by
sounds generated in the body and transmitted to the ear. Subjective tinnitus is caused by abnormal neural
activity. Objective tinnitus is rare but subjective tinnitus is a frequent disorder that occurs with different
severity. There are many forms of subjective tinnitus; it can be just noticeable, an annoyance or it can
reduce the quality of life by impairing the ability of intellectual work, making it difficult to sleep, and
tinnitus can lead to suicide. There are no objective tests that can measure subjective tinnitus, and the only
person who can assess the tinnitus is the person who has the tinnitus. This is one of the aspects of subjective
tinnitus that is similar to central neuropathic pain.

In general, studies show that the incidence of subjective tinnitus increases with age from approximately
5% at young age (20-30 years) to approximately 12% for individuals above the age of 50 years but
available data regarding the prevalence of tinnitus varies between studies. Bothersome tinnitus is infrequent
at young age becoming increasingly frequent with age, reaching 12-14% for people at age 65 and older.
There are many risk factors for tinnitus such as hearing loss, including age-related hearing loss (pres-
bycusis) and tinnitus may follow after exposure to noise, administration of ototoxic antibiotics and
cytostatics, infectious diseases and trauma to the auditory nerve are also risk factors.

It is generally agreed that subjective tinnitus is not a disease but a symptom and the many forms of
tinnitus probably have different pathophysiology. For a long time it was believed that tinnitus arose from
the ear and that the anatomical location of the physiological abnormalities that caused the tinnitus was
the ear. However it was later understood that most forms of tinnitus was caused by abnormalities in the
central nervous system and these abnormalities were often caused by expression of neural plasticity. Re-
alizing the complexity of tinnitus has highlighted the importance of interdisciplinary research. The fact that
most forms of tinnitus are disorders of the nervous system put emphasis on neuroscience in studies of
tinnitus.

The first chapters in this book discuss the pathophysiology of subjective tinnitus. The anatomical lo-
cations of the physiological abnormality that cause the abnormal neural activity that give the sensation of
sounds when no sound reaches the ear are discussed. The similarity between tinnitus and pain and various
hypotheses for tinnitus are the subjects of other chapters. Evaluation of the results of animal studies is the
topic of other chapters. Subjective tinnitus is often accompanied by abnormal perception of sounds and
many have a lowered tolerance to sounds (hyperacusis). People who have tinnitus may experience an
interaction with other sensory modalities (cross-modal interaction), such as with the somatosensory system.
These matters are discussed in detail in the book.

Treatments that are available are medical and behavioral, and some use electrical stimulation of the skin,
the ear or structures of the central nervous system. However, presently used treatments are often unable
to relieve the tinnitus in a satisfactory way. This book discusses many different kinds of treatment and
their efficacy and the different chapters describe new means and approaches to treatment of subjective
tinnitus.
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Most of the contributors to this volume participated in a conference held in Regensburg, Germany, 2006
that was sponsored by a newly formed private organization “The Tinnitus Research Initiative” the goal of
which is to improve treatments for tinnitus through advances in the understanding of the pathophysiology
of tinnitus. The organization promotes a collaborative interdisciplinary approach to research on tinnitus.

Berthold Langguth
Goran Hajak
Tobias Kleinjung
Anthony Cacace
Aage Moller
Dallas, May 2007
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CHAPTER 1
Tinnitus: presence and future

Aage R. Moller*

School of Behavioral and Brain Sciences, University of Texas at Dallas, GR41, P.O. Box 830688, Richardson,
TX 75083-0688, USA

Abstract: Tinnitus has many forms; it can be caused by sounds generated in the body (objective tinnitus)
that reaches the ear through conduction in body tissue, but much more common is the tinnitus that occurs
without any physical sound reaching the ear. Such tinnitus (subjective tinnitus) is a phantom sensation,
where abnormal neural activity is generated in the ear, the auditory nerve, or the central nervous system.
There are many forms of subjective tinnitus and it can occur with different severity. Subjective tinnitus
often occurs in connection with hearing loss such as may occur after exposure to loud sounds (noise), or
after administration of drugs such as certain antibiotics, but often no cause can be found. Tinnitus often
occurs together with presbycusis and it can occur in deafness. Tinnitus is a part of the symptoms of
Méniére’s disease and individuals with vestibular Schwannoma almost always have tinnitus. Some indi-
viduals who have severe tinnitus hear sounds as distorted and some have hyperacusis (reduced tolerance to
sounds) or phonophobia (fear of sounds). Tinnitus can be referred to one ear, or both ears, or to a location
inside the head. The anatomical location of the physiological abnormality of chronic subjective tinnitus,
however, is rarely in the ear but more often in the auditory nervous system. There are indications that the
pathophysiology of unilateral and bilateral tinnitus is different. There is considerable evidence that
expression of neural plasticity plays a central role in the development of the abnormalities that cause many
forms of chronic subjective tinnitus. Expression of neural plasticity can change the balance between
excitation and inhibition in the nervous system, promote hyperactivity, and it can cause reorganization of
specific parts of the nervous system or redirection of information to parts of the nervous system not
normally involved in processing of sounds (non-classical or extralemniscal pathways). Since there are many
kinds of subjective tinnitus, search for a (single) cure for tinnitus is futile. Testing of new treatments is
hampered by the fact that it is not possible to distinguish between different forms of tinnitus for which
different treatments may be effective.

Keywords: tinnitus; neural plasticity; phantom sounds; hyperacusis; tinnitus treatment

Introduction groups, objective and subjective tinnitus. Objective

tinnitus is caused by sound generated in the body

Tinnitus and auditory hallucinations are percep-
tion of sounds that occur in the absence of external
sounds. Tinnitus can be divided into two broad

*Corresponding author. Tel.: +19728832313;
Fax: +1 9728832310; E-mail: amoller@utdallas.edu

DOI: 10.1016/S0079-6123(07)66001-4

reaching the ear through conduction in body
tissues (Moller, 2003a) (Chapter 22). The source
can be turbulent flow of blood in an artery where
there is a constriction, or it can be caused by
muscle contractions. Unlike subjective tinnitus,
an observer, using a stethoscope, can often hear
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objective tinnitus. Subjective tinnitus is meaning-
less sounds that are not associated with a physical
sound and only the person who has the tinnitus
can hear it. Subjective tinnitus is far more prev-
alent than objective tinnitus; this chapter will con-
cern subjective tinnitus. Auditory hallucinations
are meaningful sounds such as music and voices.
Hallucinations are rare but occur in various forms
of psychiatric disorders such as schizophrenia.
This chapter will not discuss hallucinations.

Tinnitus can have different effects on an indi-
vidual. It can be just minor nuisance or it can
cause suffering by disturbing sleep, causing anxi-
ety, and affective symptoms such as depression or
phonophobia.

Subjective chronic tinnitus belongs to a group of
phantom sensations (Jastreboff, 1990) similar to
central neuropathic pain (see Chapter 4). Phantom
sensations are not disorders but symptoms of var-
ious kinds of abnormalities in which expression of
neural plasticity is involved. Paresthesia of the so-
matosensory system are similar “phantom sensa-
tions” as tinnitus. Phantom sensations rarely occur
in other sensory systems but have been reported in
vision (phosphene) and olfaction (phantosmia, or
olfactory hallucinations) (Meller, 2003b). Little is
known about phantom taste sensations except
from certain medications that can cause odd sen-
sations such as a metallic taste.

Severe tinnitus are often accompanied by ab-
normal perception of sound including an abnor-
mal low tolerance for sounds (hyperacusis)'
(Baguley, 2003) or distortion of sounds. Hype-
racusis is common in traumatic head injuries,
where it often occurs together with tinnitus and
hypersensitivity to light. Sequella of meningitis,
especially where appropriate treatment was de-
layed, may include similar symptoms of severe
tinnitus and hyperacusis, often accompanied by
severe hearing loss or deafness.

"Different definitions of hyperacusis are in use and the term is
sometimes used to describe abnormal perception of loudness.
However, abnormal perception of loudness is a different anom-
aly known as “‘recruitment of loudness”, an audiologic term
that is used to describe a condition that is common in people
with cochlear hearing loss and which means that the loudness of
a sound increases more rapidly than normal (Moller, 2006a).

Recently the term misophonia (Jastreboff and
Jastreboff, 2006) has been suggested to describe
dislike of sound. Phonophobia and misophonia
are forms of intolerance that may regard specific
sounds with emotional associations whereas hype-
racusis is normally unrelated to the type of sound.
Affective disorders such as depression and phono-
phobia may also accompany severe tinnitus and
thereby tinnitus can result in suicide.

Several animal models of tinnitus have been
created either by noise exposure or by administra-
tion of salicylate (aspirin). The use of animal mod-
els depends on the ability to detect when the
animals perceive tinnitus and several different
methods for that have been described (Jastreboff
et al., 1988; Jastreboff, 1989; Bauer et al., 1999)
(see Chapter 13).

It is unfortunate that the same name, tinnitus, is
used for so many different disorders. This hampers
both understanding of the pathophysiology of tin-
nitus and the treatment because it implies that it is
possible to find the cause of tinnitus and the treat-
ment for tinnitus. Central neuropathic pain is sim-
ilar (see Chapter 4). Disorders of the vestibular
system was earlier in the same category, but the in-
troduction of specific names such as, for example,
benign positional paroxysmal nystagmus (BPPN)
and disabling positional vertigo (DPV) has greatly
improved treatment and understanding of the causes
of various symptoms from the vestibular system.

Characteristics of subjective tinnitus

Subjective tinnitus has many different forms and
its severity and character varies widely. It can be
localized (referred) to one side or both sides and it
can be felt as coming from the center of the head.
Some investigators divide tinnitus in three groups
according to the way it is perceived: mild tinnitus,
moderate tinnitus, and severe (disabling) tinnitus
(Reed, 1960).

Mild forms of tinnitus rarely cause any prob-
lems; moderate tinnitus can interfere with intellec-
tual work and sleep and often cause suffering.
Severe tinnitus can have major effect on a person’s
entire life, making sleep difficult and intellectual
work impossible.



Quantitative assessment of the intensity of tin-
nitus is hampered by the fact that tinnitus when
matched to real sounds appear to have very low
intensity even in individuals who report that their
tinnitus is very loud. Fowler in 1943 reported that
though patients described their tinnitus as very
loud, yet the tinnitus could usually be matched at
only 5-10dB sensation level (SL) (Vernon, 1976)
and that tinnitus is difficult to mask (Fowler, 1942;
Reed, 1960; Vernon, 1976). This is an obstacle in
an attempt to quantitatively evaluate tinnitus and
in monitoring the results of treatment. Some in-
vestigators use a visual analog scale (VAS) to es-
timate the intensity of tinnitus. VAS is in extensive
use in pain research and now often used for com-
paring tinnitus before and after treatment. The use
of a VAS seems to produce results that agree better
with tinnitus patients’ own evaluation similar to
what is experienced with attempts to quantify pain
(Chapter 4). Some forms of tinnitus cause suffer-
ing while other forms do not. Tinnitus that in-
volves suffering has also been called “bothersome
tinnitus” (Chapter 44) or “problem tinnitus” by
some investigators (Gerken et al., 2001). There are
indications that suffering from tinnitus involves
parts of the central nervous system (CNS) that are
outside the auditory nervous system (Chapters 3
and 40).

Prevalence of subjective tinnitus

It is difficult to get a clear picture of the prevalence
of tinnitus. The fact that tinnitus has many forms
and that it has widely different severity has caused
different studies of the prevalence of tinnitus
to yield widely different results (Ahmad and
Seidman, 2004; Hoffmann and Reed, 2004; Henry
et al., 2005). Different studies have arrived at
different values of prevalence (Hoffmann and
Reed, 2004). For people of all ages the prevalence
of tinnitus varied from 4.4% to 15.1%. All studies
reviewed agreed that the prevalence is higher
above the age of 50. In this age group the differ-
ent studies reported prevalence between 7.6% and
20.1%. Most elderly people have some forms of
tinnitus particularly when visiting in a quiet envi-
ronment but it is disturbing for only some

individuals and only a few individuals suffer from
the tinnitus.

The fact that the severity of tinnitus and pain
can only be assessed by the patient and cannot be
measured objectively is a source of uncertainty in
epidemiologic studies. Most of the variations in
the reported prevalence of tinnitus between differ-
ent investigators are likely caused because inves-
tigators had different criteria for what they
regarded as tinnitus, and also the inclusion crite-
ria in some studies may have been biased. Indi-
viduals who have tinnitus but no noticeable
problems do not seek medical assistance except
for those individuals who are concerned that their
tinnitus may be a sign of a severe disease such as a
brain tumor. Most people over the age of 50 oc-
casionally experience tinnitus but many do not
find their tinnitus to be a significant problem.
Some people who do find their tinnitus debilitating
may have given up their attempts to find help from
the medical profession.

Hyperacusis

Hyperacusis often is present together with tinnitus.
Different definitions of the term hyperacusis are in
general use (Jastreboff and Jastreboff, 2004). Some
investigators have used the term hyperacusis syn-
onymously to the term hyperesthesia, which for
the somatosensory system is defined as “abnormal
acuteness of sensitivity to touch, pain, and other
sensory stimuli” (Stedman’s Concise Medical
Dictionary, 26th ed., Baltimore: Williams and
Wilkins, 1997). Others have described hyperacusis
as an abnormal, lowered tolerance to (any) sound
(Baguley, 2003). We will use the definition pro-
posed by Baguley in this chapter.

Hyperacusis often occurs together with tinnitus
but may also occur alone. Hyperacusis occurs in
most individuals with Williams-Beuren’s syn-
drome (WBS) (Gothelf et al., 2006) (infantile
hypercalcaemia), a genetic disorder that is charac-
terized by multiple congenital anomalies including
cardiovascular disorders, mental retardation, post-
natal growth retardation, and facial anomalies.
Hyperacusis also often occurs as a sequel to men-
ingitis and traumatic head injuries and together



with Ramsay-Hunt syndrome and Lyme disease.
Discomfort from loud sounds and even fear of
sounds (phonophobia) occurs in autism.

Cause of tinnitus

Several layers of complexity are involved in the
pathophysiology and the cause of tinnitus and it is
rarely known what causes an individual’s tinnitus
(idiopathic tinnitus). Hearing loss such as from
noise exposure or from presbycusis is often fol-
lowed by tinnitus but not always. Administration
of ototoxic substances such as certain antibiotics,
diuretics (furosemide), salicylate, and quinine can
result in tinnitus. Disorders that affect the CNS
such as meningitis, encephalitis, and strokes are
often accompanied by tinnitus (and hyperacusis).
Traumatic brain injury of various kinds is often
accompanied by tinnitus and abnormal perception
of sounds and visual stimuli. Herpes infections
such as the Ramsey-Hunt syndrome and different
forms of injury to the auditory nerve such as
surgically induced injuries are often followed by
tinnitus.

Other forms of injury to the auditory nerve are
often accompanied by tinnitus (Meller, 2006a) and
close contact between the auditory nerve and a
blood vessel may also cause tinnitus (Chapters 38
and 39).

Tinnitus often begins without any external or
internal events can be identified. One possible rea-
son may be the gradual deterioration of neural
function that occur with age, characterized by de-
crease in number of functioning nerve fibers, which
is a part of the age-related (normal) decrease in the
reserves of the nervous system. Another age-
related change includes increase in the variation
in conduction velocity as has been shown to occur
in the auditory nerve (Spoendlin and Schrott,
1989). Tinnitus may begin when these gradual
changes have reached a certain critical level and
this form of tinnitus is thus related to the occur-
rence of a specific event. This makes it difficult to
identify the source of many forms of tinnitus.

Tinnitus is one of the three symptoms that char-
acterize Méniére’s disease. Individuals who have a
vestibular Schwannoma almost always have

tinnitus. Tinnitus may accompany bodily disor-
ders that affect the head such as temporomandib-
ular joint (TMJ) disorders (Morgan, 1992) and
certain forms of head and neck muscle spasm
(Bjorne, 1993; Levine et al., 2003) (see Chapters 17
and 19). Such forms of tinnitus are known as so-
matic tinnitus (Chapter 10), and when the muscle
disorders are resolved, the tinnitus usually also
decreases or disappear.

Change in the function of the central nervous system

The changes in the function of the auditory nerv-
ous system that can cause tinnitus include altered
balance between inhibition and excitation, reor-
ganization of neuronal networks, changes in tono-
topic maps, and rerouting of information. Altered
balance between inhibition and excitation may
cause hyperactivity.

The cochlea normally provides not only excita-
tory input to the cochlear nuclei but also inhibi-
tory input is abundant. When the cochlea is
impaired both excitatory and inhibitory input to
the cochlear nucleus is reduced (Caspary et al.,
2005), but often inhibitory input is reduced more
than excitatory input resulting in a shift in the
balance between inhibition and excitation.

Tinnitus is often associated with injuries to the
cochlear sensory cells or to auditory nerve fibers.
Such injuries cause reduced input to central audi-
tory structures, and in general, inhibitory synapses
are affected more than excitatory synapses (Kim
et al., 2004) thus creating the basis for hypersen-
sitivity (Gerken et al., 1984) and hyperactivity
(Chapter 2).

Deprivation of input to the cochlear nuclei such
as has been studied in experimental animals by
unilateral removal of one cochlea has been shown
to cause a down-regulation of bilateral glycine re-
ceptors in the dorsal cochlear nucleus (DCN), the
ventral cochlear nucleus (VCN), and the lateral
superior olive, and glycinergic activity in the medial
superior olive nucleus was strengthened (Suneja
et al., 1998; Eggermont, 2005) (Chapter 2). Inhibi-
tion is strong in the DCN where fusiform cells
receive focused glycinergic inhibiting inputs.
Age-related loss of markers for glycinergic



neurotransmission in the DCN occur (Caspary et
al., 2005). Loss or reduction of inhibition from the
cochlea can also cause increased excitability in
other nuclei of the ascending auditory pathways.

The abnormalities in the function of the nervous
system that cause many forms of tinnitus are most
often a result of expression of neural plasticity that
may be brought about by abnormal input from the
ear or through abnormal function of the auditory
nerve, or by unknown causes (Mpgller, 2006b)
(Chapter 3).

Deprivation of input may cause expression of
neural plasticity that can change the relation
between inhibition and excitation and protein
synthesis (Sie and Rubel, 1992) and cause reor-
ganization of the nervous system (Meller, 2006b),
which may cause tinnitus (see Chapter 3). Depri-
vation of input may also alter temporal integration
as shown in animals after deprivation of input
(Gerken et al., 1991) and after exposure to loud
noise (Szczepaniak and Meller, 1996b). In a sim-
ilar way, temporal integration of somatosensory
stimuli may be altered in individuals with signs of
chronic central neuropathic pain (Meller and
Pinkerton, 1997) (Chapter 4) (Mgller, 2006b).

Anatomical location of the abnormality that cause
the sensation of tinnitus

It is of fundamental importance to identify the
anatomical location of the physiological abnor-
mality that generates the neural activity that is
perceived as tinnitus. Tinnitus is often referred to
one ear or both or as coming from the inside of
the head. This has resulted in focus on the ear as
the location of the physiological abnormality that
causes the tinnitus. There is evidence that injuries
of cochlear hair cells can be involved in causing
tinnitus, at least as a first stage of the development
of chronic tinnitus, and there are indications that
the auditory nerve may be the primary or second-
ary cause of some forms of tinnitus (Meller, 1984).
However, it has become evident that most forms of
severe tinnitus is generated in the CNS and many
studies have found evidence that the abnormalities
are caused by expression of neural plasticity. This
means that the anatomical location of the

physiologic abnormalities have incorrectly been
assumed to be the ear.

Some studies have involved the possible role of
the olivocochlear bundle. The fact that tinnitus
can occur after the auditory nerve has been severed
is strong evidence that tinnitus can occur without
involvement of the ear and that the anatomical site
of the physiological abnormalities that causes the
sensation of tinnitus is the CNS. It also means that
most forms of tinnitus are not generated at the
location where the symptoms are felt (the ear) thus
similar to, for example, phantom pain. It was
therefore a major step forward when it became
understood that the neural activity that caused
most forms of tinnitus was generated in the nerv-
ous system with or without the involvement of the
ear. In studies of the role of the CNS in tinnitus
the focus has mainly been on three different struc-
tures: the DCN, the inferior colliculus, (IC), and
the primary and secondary auditory cortices.
Indications that the DCN (Chapter 9), IC
(Chapter 2), and the cerebral cortex (Chapters 8,
11, and 36) are involved in tinnitus have been
presented by many investigators. Little attention
has been given to the thalamus.

The neural activity that produces the sensation
of tinnitus (see Chapter 3) differs between the
different forms of tinnitus and it may be generated
in neural structures that are not normally activated
by sounds that reach the ear, which can occur be-
cause of rerouting of information (see Chapter 3).

Several studies in humans (Ma et al., 2006;
Melcher et al., 2000) and in studies in animals
(Szczepaniak and Moller, 1996b) indicate that the
IC may be implicated in tinnitus in several ways
(Chapters 2 and 3). Hyperactivity in the central
nucleus of the IC (ICC) is a possible cause of tin-
nitus. Activation of the external nucleus of the IC
(ICX) and the dorsal cortex (DC) of the IC that
are parts of the non-classical pathways (earlier
known as the non-specific or the extralemniscal
pathways (Aitkin, 1986)) may be involved in tin-
nitus and cause rerouting of information to the
non-classical pathways (Chapter 3).

Studies have indicated that the cerebral cortex in
humans is implicated in some forms of tinnitus
(Mihlnickel et al., 1998). The involvement of the
auditory cortex has also been supported by studies



in which electrical or magnetic stimulation of the
cerebral cortex have been able to affect tinnitus
(Chapters 34, 35, and 36). Some studies using im-
aging techniques have found evidence of an ab-
normal activation of the auditory cortices and of
the amygdala (Lockwood et al., 1998).

Little attention has been devoted to the thalamic
auditory nucleus, the medial geniculate body
(MGB), although inference from studies of pain
indicates that the MGB may play an important
role in some forms of tinnitus. Some of the results
of stimulation of the auditory cerebral cortex
may in fact have been caused by an effect on
the MGB through the descending cortico-thalamic
pathways.

The neurons in the DCN receive similar input
from the auditory nerve as neurons in the two
other parts of the cochlear nucleus, and the DCN
has been extensively studied for its role in tinnitus
(Chapter 9) (Kaltenbach, 2000; Kaltenbach
and Afman, 2000; Kaltenbach et al., 2004)
(see Chapter 9) (Levine, 1999). Many features of
DCN hyperactivity that may be caused by lack of
input are similar to those of tinnitus. Modulation
of tinnitus by change of gaze (Cacace et al., 1994;
Coad et al., 2001) and jaw movements (Pinchoff
et al., 1998) may also be mediated by the DCN.
The fact that the DCN receives input from the
upper spinal cord (C»,) (Young et al., 1995; Kanold
and Young, 2001), which normally has to do with
movement of the pinna, may be important for its
role in tinnitus. These connections may explain
why electrical stimulation of the skin around the
outer ear can modulate tinnitus in some individ-
uals (Schulman et al., 1985) and why manipula-
tions of muscles in the mouth (Bjorne, 1993)
(Chapter 19) or the neck (Levine, 1999) (Chapter
17) can affect tinnitus. TMJ disorders are often
accompanied by tinnitus (Morgan, 1992). Stimu-
lation of C, affects neurons in the DCN, and
muscle stretch was more effective than skin stim-
ulation indicating that proprioception is impor-
tant. That explains why stretching of muscles is
more efficient in modulating tinnitus than brush-
ing the skin, which means that proprioceptors
have a larger influence on the DCN than skin re-
ceptors. Proprioceptive input to the DCN from
neck muscles would mean that head position has

influence on DCN neurons (Kanold and Young,
2001).

Severing the fiber tract that constitutes the out-
put of the DCN, the dorsal stria (stria of Monaco)
in animal experiments had little effect on hearing
indicating that the DCN normally does not seem
to play an important role in hearing (Masterton
et al., 1994). This does not mean, however, that
the DCN is not involved in generating tinnitus.
Normally the DCN seems to be involved in local-
ization behavior rather than processing of sound
stimuli (May, 2000). It is generally assumed that
the DCN integrate sound localization information
with head position.

It has been shown that there are connections
between the trigeminal ganglion and the VCN
(Shore et al., 2000) and stimulation of the trige-
minal ganglion affect responses from single cells in
the VCN (Shore et al., 2003) as well as in the DCN
(Shore, 2005) (Chapter 10).

The pathophysiology of disorders that have bi-
lateral symptoms are often different from those
that have unilateral symptoms and there are many
signs that the pathophysiology of unilateral tin-
nitus is distinctly different from that of bilateral
tinnitus. The difference in the pathophysiology of
unilateral and bilateral tinnitus can explain why
microvascular decompression (MVD) is less effi-
cient in treatment of bilateral tinnitus compared
with unilateral tinnitus (Vasama et al., 1998)
(Chapters 38 and 39).

Rerouting of information

Rerouting of information may cause structures of
the CNS that are normally not involved in process-
ing auditory information to become activated by
sound stimulation. An example of such rerouting
is an abnormal involvement of the non-classical
(non-specific or extralemniscal) pathways. The fact
that the perception of tinnitus by some individuals
with severe tinnitus is affected by stimulation of
the somatosensory system (Mpller et al., 1992;
Cacace et al., 1994) is a sign of involvement of the
nonclassical auditory pathways. Neurons in the
nonclassical auditory pathways respond to more
than one sensory modality while neurons in the
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Fig. 1. Schematic drawing of the general outline of the ascending pathways of a sensory system emphasizing the difference and the
similarities between the classical (A) and the non-classical pathways (B). (Note that the two receptors in B are from two different
sensory systems, for instance auditory and somatosensory.) (Adapted with permission by Elsevier, from Mgller, 2003b.)

classical pathways up to and including the primary
auditory cortex only respond to auditory stimuli.
This means that if only the classical pathways are
activated, perception of auditory stimuli cannot be
modulated by stimulation of other sensory system.
If input from other senses can modulate percep-
tion of sound, it is taken as an indication of in-
volvement of the nonclassical auditory system.
This fact has been used as a test of the involvement
of the nonclassical auditory pathways (Meller et
al., 1992; Moller and Rollins, 2002) (Fig. 1).

The anatomical location where the results of
somatic stimulation interact with auditory infor-
mation is the ICX and DC of the IC (Aitkin et al.,
1978). These nuclei are parts of the nonclassical
auditory pathways, whereas the ICC is part of the
classical ascending auditory pathways (Aitkin,
1986; Maoller, 2003b). Animal experiments have
shown that electrical somatosensory stimulation of
the upper body is more efficient than stimulation
of the lower body (Aitkin, 1986).

Risk factors for tinnitus

Known risk factors for tinnitus are age, exposure
to noise, administration of certain drugs,
Méniere’s disease, vestibular schwannoma, head
trauma, injuries to the auditory nerve, and cardi-
ovascular disorders.

It is well known that tinnitus becomes more
prevalent with age. While tinnitus is often associ-
ated with noise exposure, administration of oto-
toxic antibiotics, or hearing loss due to various
causes such as age (presbycusis), these same con-
ditions also often occur without tinnitus and tin-
nitus occurs in individuals who have none of these
conditions. Although individuals with tinnitus of-
ten have hearing loss, some individuals with nor-
mal hearing have tinnitus. Silence can often cause
tinnitus in individuals who do not experience tin-
nitus in a normal environment (Chapter 42). In
fact many people, especially elderly, will experi-
ence tinnitus in silence such as in a sound insulated
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audiologic test room with low ambient noise level
and most people will experience tinnitus when in a
silent room (anechoic chamber) (Tucker et al.,
2005). This means that deprivation of input can
cause acute tinnitus. Reduced inhibitory influence
from the ear is assumed to cause this kind of tin-
nitus. Individuals with TMJ disorders often have
tinnitus (Morgan, 1992), and TMJ is thus another
risk factor for tinnitus. Tinnitus in connection with
TMJ problems disappears when the TMJ disorder
has been treated successfully (Morgan, 1992). This
kind of tinnitus is assumed to be caused by ab-
normal stimulation of the somatosensory systems
(trigeminal system) and it may have to do with
stimulation of nerve fibers of the C, root of the
spinal cord, stimulation of which has been shown
to influence cells in the DCN (Young et al., 1995,
see p. 8). Problems with neck muscles (Levine,
1999) (Chapter 17) and muscles of the mouth
(Chapter 19) are also often accompanied by tin-
nitus thus indicating that such problems are risk
factors for tinnitus.

Treatment of tinnitus

Progress in so many areas of care of the sick has
depended on studies of epidemiology, basic research
(pathophysiology), clinical research, and experience
of different kinds of treatment. Progress in treat-
ment of tinnitus may come from basic science that
provides increased knowledge about the changes in
the ear and the nervous system that underlies tin-
nitus. Areas of basic science that may contribute to
understanding of the pathophysiology of tinnitus
include hearing science, neuroscience, biochemistry,
molecular biology, epidemiology, and genetics. Ex-
ploring similarities between some forms of tinnitus
and some forms of neuropathic (physiological) pain
may provide suggestions about treatments of some
forms of tinnitus. Inability to distinguish between
different forms of tinnitus and lack of adequate ob-
jective diagnostic methods are obstacles in the man-
agement of the tinnitus patient (see Chapter 22). It is
an obstacle in treatment of tinnitus that patients do
not have a clear direction regarding which specialty
of the medical profession to consult. At the present
state of understanding of the pathology of tinnitus,

treatment of the various forms of tinnitus would
benefit from involvement of several clinical special-
ties such as neurology, psychiatry, psychology, au-
diology, and otolaryngology.

Progress in treatment may also come from se-
rendipitous observations, and from clinical expe-
rience of treatment of patients with other disorders
when these patients also have tinnitus. Many
effective treatments of a wide range of disorders
have been discovered in that way. However, as
Louis Pasteur said “Chance favors only the pre-
pared mind.” Therefore only the prepared clini-
cian can take advantage of such incidences. To
facilitate serendipitous discoveries that can benefit
treatment of tinnitus, physicians within all spe-
cialties of medicine should have basic knowledge
about tinnitus and medical schools should be en-
couraged in teaching the basics about tinnitus.
Even though there are many forms of pain, there
are treatments (analgesics) that can reduce or
eliminate most forms of pain. There is no known
comparable medication that can benefit patients
with different forms of tinnitus.

The fact that tinnitus has many forms and that
there are no diagnostic methods that can separate
individuals with different forms of tinnitus are
major obstacles in testing possible treatments for
tinnitus.

Now, different forms of treatment are in clinical
use such as tinnitus retraining therapy (TRT)
(Chapter 40) and other forms of therapies that use
counseling together with sound stimulation (Chap-
ters 41, 42, and 44). Use of surgical treatment such
as MVD (Chapters 38 and 39), stimulation of the
cochlea through cochlear implants (Chapter 33),
and stimulation of the auditory cortex (Chapters
34, 35, and 36) are beginning to be used in some
specialized clinics.

Many substances have been tried for treatment
of tinnitus (Chapters 23, 24, 25, 27, and 30). Some
are based on evidence that reduced inhibitory in-
fluence is involved in some forms of tinnitus and it
is known that the number of gamma aminobutyric
acid (GABA)-immunoreactive neurons in the au-
ditory nuclei decreases with age (Caspary et al.,
1990, 1999) (Chapter 2). Efforts to restore or en-
hance the function of these receptors have been
made using administration of substances such as



benzodiazepines that interact with (enhance)
GABA receptors. Substances that increase the
level of GABA in the CNS (Vigabatrin, Brozoski
et al., 2007; Gabapentin, Chapter 27) have been
tried in humans and in animal experiments.

It has also been hypothesized that GABAg
receptors were involved in some forms of tinnitus
and the GABAjp agonist, baclofen, has been
tried in humans and in animal models of tinnitus.
While animal studies have been encouraging
(Szczepaniak and Moeller, 1996a), attempts to use
baclofen in treatment of tinnitus showed a non-
significant difference from placebo (Westerberg
et al., 1996). However, baclofen provided improve-
ments in 9.7% after 3 weeks treatment compared
with 3.4% for placebo. Again, 2.5 times as many
had benefited from baclofen as placebo; while this
difference was not significant, the results of the
trial may indicate that the population that was
studied might have had several different kinds of
tinnitus (see p. 4). The beneficial effect on one
of these kinds of tinnitus may have reached a level
of significance if studied alone.

Serotonergic activity is affected by administra-
tion of salicylate that can cause tinnitus (Chapter
2), and that may explain why selective serotonin
re-uptake inhibitors (SSRIs) that manipulate the
serotonin can, however, also increase tinnitus
(Chapter 24). The N-methyl-p-aspartic acid
(NMDA) (glutamate) receptor is most likely also
involved in tinnitus, as it is in many forms of cen-
tral neuropathic pain. However, attempts to use
NMDA receptor inhibitors (such as the MK801
experimental drug) in treatment of pain have not
been successful (Mgller, 2006b). While it has been
shown that aspirin activate cochlear NMDA re-
ceptors and that application of an NMDA recep-
tor antagonist at the round window abolishes
tinnitus (Chapter 12), administration of an
NMDA antagonist, flupirtine, a drug that is sim-
ilar to Memantine, had little effect on tinnitus in
animal experiments (Salembier et al., 2006).
Memantine, used to treat neuropathic pain and
Alzheimer’s disease, acts both on the glutamate
and the cholinergic systems. The drug suppresses
glutamatergic transmission in hair cells and it is
known from animal studies that salicylate acts on
the glutamate system in hair cells (Lobarinas et al.,
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2006). More exotic substances such as Acampro-
sat, a drug used for treatment of alcohol depend-
ence and which is an antagonist to glutamate
and an agonist to GABA receptors, have been
tried in treatment of tinnitus with some success
(Chapter 25). The fact that motor systems are in-
volved in some forms of tinnitus has inspired the
tests of substances that affect the motor systems,
such as botulinum toxin (Chapter 31).

The effect of lidocaine on tinnitus has been
studied by many investigators (Chapter 28) but the
fact that it has to be administrated intravenously
makes it unsuitable for general practical use in
treatment of tinnitus. Lidocaine, a local anesthetic
with complex action on the CNS, is primarily
a sodium channel blocker (see Chapter 28).
Attempts to find drugs with similar beneficial
effect on tinnitus and which can be administrated
orally have not been successful. Tocainide was
developed with that in mind but its effect was
questionable and it has severe side effects (Emmett
and Shea, 1980; Lenarz, 1986). The benefit of
using dietary supplements such as vitamins and
minerals in treatment of tinnitus is controversial
(see Chapters 26 and 29).

Electrical stimulation of the cochlea (Cazals
et al., 1978; Rubinstein et al., 2003) is one such
attempt that has been tried with some success. In
people with hearing loss, electrical stimulation of
the cochlea can suppress tinnitus (McKerrow et al.,
1991; Miyamoto and Bichey, 2003; Rubinstein
et al., 2003) (Chapter 33), and even in patients with
near normal hearing and tinnitus (Sininger et al.,
1987).

Sound stimulation and psychological treatment
(counseling) such as the TRT (Jastreboff and
Jastreboff, 2000) (Chapter 40), tinnitus habitua-
tion therapy (Hallam et al., 1984), tinnitus
activities treatment (Chapter 41) (Tyler and Baker,
1983) have been shown to be beneficial to individ-
uals with some forms of tinnitus.

More recently, electrical stimulation of the cer-
ebral cortex (Plewnia et al., 2003, 2007; De Ridder
et al., 2005; Kleinjung et al., 2005) (see Chapters
34, 35, and 36) has shown ability to alleviate some
forms of tinnitus. These are thus similar treat-
ments to what has been in use for treatment of
central neuropathic pain such as transderm electric
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nerve stimulation (TENS), dorsal column stimu-
lation, thalamic stimulation, premotor cortex stim-
ulation, etc. (Melzack and Wall, 1999). Thalamic
stimulation has not been described for treatment
of tinnitus but it is possible that electrical (and
magnetic) stimulation of the cerebral auditory
cortex acts on the thalamus through the cortico-
thalamic tract.

Attempts to influence neurons in the DCN by
electrical stimulation of the skin behind the ear
has shown beneficial effect on tinnitus (Schulman
et al., 1985). This implies activation of nerve fibers
of the C, root, stimulation of which is known to
affect the activity in the DCN (Young et al., 1995;
Kanold and Young, 2001).

However, also electrical stimulation on other
location on the body such as the median nerve
(Moller et al., 1992) has been shown to modulate
tinnitus in some individuals. This may be achieved
through different mechanism. The ICX and DC of
the IC receive input from the dorsal column nuclei
(Aitkin, 1986), and there is evidence that the ICX
and DC are involved in the nonclassical auditory
pathways and thereby such stimulation may influ-
ence activity in the nonclassical auditory pathways
(Moller et al., 1992).

The MVD operation on the auditory nerve in-
tracranially is an effective treatment for some
patients with tinnitus (Chapter 38) (Moller et al.,
1993). MVD is also an effective treatment for some
pain disorders of cranial nerves V and IX, and of
nervous intermedius (Meller, 1998). The success rate
of this form of treatment for tinnitus depends on the
time the individual has had symptoms and the suc-
cess has been shown to be much higher in women
than in men (55 vs. 29%) (Mgller et al., 1993).

Clinical trials for treatment of tinnitus

Rigorous studies of the efficacy of medications for
tinnitus are few (Dobie, 1999) (Chapter 48), and
many are case reports and anecdotes. Double
blind tests for determining the efficacy often indi-
cate that a drug has a low degree of efficacy over
placebo (Robinson et al., 2005) (Chapter 24).
The heterogeneity of tinnitus complicates clini-
cal trials of new treatments and it may make the

results to be misleading because the tinnitus of the
different participants in such trials are likely to
have different pathophysiology and therefore not
amendable to the same treatment. Currently es-
tablished test criteria (double blind) for new treat-
ments are therefore not suitable for tinnitus
because it is not possible to distinguish between
tinnitus with different pathophysiology, and the
participants in trials inevitably would have differ-
ent forms of tinnitus. Treatments may have been
discarded because of that, which is unfortunate if
the treatment is beneficial to patients, which must
be the goal of treatment, and not to satisfy some
scientific criteria. If the treatment that is tested is
80% effective in one form of tinnitus that has a
20% representation in the study, the study will
show an efficacy of 16%, which is not impressive
and most likely will lead to discarding of the
treatment as ineffective. That means that the sam-
ples of individuals who have a large likelihood of
benefit have often been diluted by individuals with
other forms of tinnitus (that produce similar
symptoms) and thereby distort the results of tri-
als of treatments.

Interpretations of trials of the efficacy of a drug
in treatment of diseases that have one single cause,
such as, for example, pneumonia caused by bac-
terial infections, are straightforward and the effect
of treatment can be validated without being influ-
enced by any noticeable placebo effect. Trials of
the efficacy of treatment for complex and poorly
defined disorders such as tinnitus and central ne-
uropathic pain are difficult to design and the re-
sults of such trials are difficult to interpret and
often such trials give controversial results when
repeated by other investigators.

The considerable placebo effect of many of the
treatments that have been tried for tinnitus may be
regarded to be an obstacle in evaluating results of
trials of efficacy of treatment but it supports the
experience that counseling is an effective compo-
nent of treatment of many forms of tinnitus (see
Chapters 40 and 41).

If a patient with tinnitus feels benefit from a
specific treatment despite the treatment has not
received the scientific certificate of effectiveness or
other patients with tinnitus do not experience the
same benefit, should the treatment not be



continued on that patient? Whether the cause of
the beneficial effect is called placebo effect or an
unusual incidence is irrelevant to the patient, but
an authoritative denial of the beneficial effect from
the patient’s physician can make the patient ter-
minate the treatment.

Involvement of the sympathetic nervous system

Sympathetic nerve fibers may liberate noradrena-
line that terminate near hair cells in the cochlea
(Densert, 1974) and these may sensitize hair
cells upon increased activity of the sympathetic
nervous system (see Chapter 4). The sympathetic
nervous system may also be involved in noise
induced hearing loss (temporary threshold shift
(Hildesheimer et al., 1991)) that often is associated
with tinnitus. Tinnitus is related to stress as indi-
cated by a study that found that cortisol reactivity
to psychosocial stress is blunted in tinnitus suffer-
ers (Hebert and Lupien, 2007). It was shown a
long time ago that sympathectomy can relieve
tinnitus in patients with Méniére’s disease (Passe,
1951).

Future

For many years tinnitus was regarded as an au-
ditory disorder and because it was often referred to
the ear, the ear became the focus of studies of the
pathophysiology of tinnitus and for the search of
treatment. Recent studies and experience have
shown that tinnitus is far more complex and that
the anatomical location of the physiological ab-
normalities that cause the tinnitus is instead the
CNS for most forms of subjective tinnitus. Impli-
cating the CNS in the generation of the abnormal
nervous activities that cause tinnitus was a major
step forward and this progress was achieved by
researchers who were “‘thinking outside the box.”
There is no doubt that more of that kind of think-
ing is what can bring important progress in the
future regarding understanding of the pathophys-
iology of tinnitus and regarding development of
effective treatments.

More efficient organization of research will fa-
cilitate research and search for better treatment.
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Because of its complexity and diversity individual
patients with tinnitus would benefit from a mul-
tidisciplinary approach regarding their treatment.
Treatment and research on tinnitus therefore
would benefit from a multidisciplinary approach
involving neurologists, psychiatrists, and psychol-
ogists in addition to audiologists and
otolaryngologists. The clinicians of these different
disciplines should be educated about the ne-
urophysiologic basis for tinnitus and the basic sci-
entists should be educated about clinical aspects of
tinnitus. It is also important that clinicians in other
fields have an understanding of tinnitus so that
they can be prepared for unforeseen events that
may suggest useful treatment methods.
Researchers who work on tinnitus would benefit
from being acquainted with progress in other fields
of medicine. Many forms of tinnitus have similar-
ities with different forms of neuropathic pain es-
pecially chronic central neuropathic pain (Chapter
4) (Moller, 2006b). Tinnitus is often associated
with different forms of affective symptoms and it
would be interesting to know if that is associated
with activation of specific CNS structures. For
example, it is known that inescapable and escap-
able pain use different parts of the periaqueductal
gray (PAG) (Keay et al., 2001; Lumb, 2002). It
would be interesting to know if there is a similar
anatomical separation of different forms of affec-
tive disorders that occur together with tinnitus.

Conclusion

The pathophysiology of the different forms of tin-
nitus is far more complex than earlier assumed,
and each one of the many different forms of tin-
nitus may have different pathophysiology and
consequently requires different kinds of treatment
to obtain the best benefits. The fact that tinnitus is
not a single disease and that there are no methods
available that can differentiate between tinnitus of
different causes is an obstacle for diagnosing tin-
nitus and for treatment. It is also an obstacle in
testing the efficacy of treatments because it is not
possible to assemble a group of participants who
have the same form of tinnitus for studies of the
efficacy of treatments. It was an important step
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forward when it became documented that the an-
atomical location of the physiological abnormality
that cause the tinnitus was not always the ear but
the CNS. Understanding that expression of neural
plasticity is the cause of many forms of tinnitus or
at least play an important role in creation of the
neural activity that plays an important role in
causing tinnitus was equally important.

Abbreviations

BPPN benign positional paroxysmal
nystagmus

CNS central nervous system

DC dorsal cortex (of the IC)

DCN dorsal cochlear nucleus

DPV disabling positional vertigo

GABA gamma aminobutyric acid

HFS hemifacial spasm

IC inferior colliculus

ICC central nucleus (of the IC)

ICX external nucleus (of the IC)

MGB medial geniculate body

NMDA N-methyl-p-aspartic acid

MVD microvascular decompression

SL sensation level

TENS transderm electric nerve stimula-
tion

™J temporomandibular joint (disor-
der)

TRT tinnitus retraining therapy

VAS visual analog scale

VCN ventral cochlear nucleus

WBS Williams-Beuren’s syndrome
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