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Tinnitus and auditory hallucinations ar¢ sensations of hearing in the
absence ol external sounds. Three main types can be identified: (1) objective
tinnitus. which is caused by sounds generated somewhere in the body: (2)
subjective tinnitus, which is the perception of mecaningless sounds without
any physical sound being present; and (3) auditory hallucinations, which arc
pereeptions of meaningful sounds. such as music or speech. The latter two
types are phantom sensations [1.2].

Objective tinnitus 1s rarc and is caused by a sound in the body, such as
turbulent flow of blood or muscle contractions in the head. Such tinnitus
can be heard by an observer in contrast to subjective tinnitus and auditory
hallucinations. which can only be heard by the individual who has the
tinnitus.

Subjective tinnitus i1s the most prevalent type of tinnitus and this article is
mainly devoted Lo subjective tinnitus. Subjective tinnitus has many forms. It
can be a benign sound that is heard only occasionally or it can be devas-
tating roars that occur 24 hours a day accompanied by hyperacusis and the
distortion of sounds. which prevent its suffers from sleep or the ability 1o
do mtellectual work. All degrees of subjective tinnitus occur in belween
these extremes. Severe tinnitus is also often associated with other symptoms,
such as hyperacusis and distortion of sounds. Affective disorders,
such as phonophobia and depression. often accompany severe tinnitus
and that form of tinnitus can lead to suicide.

With such differences in attributes it is not reasonable to ¢xpect that
a single cause or a single pathophysiology can be responsible for the symp-
toms of all forms of severe tinnitus. Instead. many studies have indicated
that different forms of tinnitus have different pathophysiology. Subjective
tinnitus has many similarities with pain, which also has many different
forms and degrees of severity.
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Tinnitus often occurs as a result of insults to the car. such as from noise
cxposure or from administration of specific pharmacologic agents, and these
factors are taken as the cause of tinnitus. The cause of subjective tinnitus.
however, is more often unknown. Subjective tinnitus is one of the three
symptoms that constitutc Meniere’s diseasc. the cause of which also 1s
unknown. The first objective in finding the cause of tinnitus should be to
determine the anatomic location of the abnormality that causes these
symptoms. Another important objective in studies of tinnitus is to determine
properties of the abnormalities that cause the abnormal neural activity that
result in tinnitus and other symptoms that may accompany severe tinnitus.
The third objective is to determine how these changes in [unction have
developed. Objective signs of tinnitus are most often absent. however. simi-
lar to many forms of pain, and the diagnosis of tinnitus often has to be made
solely from the information that the patient provides.

Auditory hallucinations arc rare and may be caused by temporal lobe
tumors; drugs of various kinds: and psychiatric disorders, such as schizo-
phrentia.

This article discusses where and how tinnitus is generated and what
causes the pathologic changes that generate the ncural activity that is
interpreted as tinnitus. To understand the pathophysiology of tinnitus.
tinnitus is compared with other disorders that have similarities with tinnitus.
especially central ncuropathic pain. Because much more is known about
pain than about tinnitus, it is valuable to take advantage of the knowledge
about pain in efforts to understand the pathophysiology of tinnitus.

Objective tinnitus

Objective tinnitus involves perception of the sound that is generated in
the body and conducted to the cochlea by bone conduction or by sound that
is conducted to the middle ear cavity. Sounds that reach the middle car
cavity set the tympanic membrane into vibrations in a similar way as natural
sounds, and reach the cochlea by the ossicular chain. Objective tinnitus is
not a result of abnormal function of the auditory system; rather, it is caused
by a physical sound that is gencrated in the body and sensed in the same way
as normal sounds. Objective tinnitus can usually also be heard by an obser-
ver when proper auscultation techniques are used. Objective tinnitus can
be caused by blood vessels that are located in the region of the ear. Such
tinnitus is pulsatile with the heart rate and it can be caused by constricted
vessels where the flow becomes so fast that it becomes turbulent.
Arteriovenous malformations, glomus tumors. or aneurysms are examples
ol vascular malfunctions that can cause pulsatile tinnitus. Temporoman-
dibular joint disorders may cause objective tinnitus in the form of clicking
sounds, which also can occur as a result of spontaneous contractions of
middle ear muscles or from palatal myoclonus [3]. Sounds. such as breathing
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sounds. can be transmitted to the middle ear cavity by a patulous custachian
tube and cause tinnitus because sounds from the nasopharynx rcach the
middlc ear cavity. Obijective tinnitus is not discussed further in this article
(for details about objective tinnitus. sce [3.4]).

Subjective tinnitus

Subjective tinnitus is a perception of sound in the absence of any physical
sound. The ouly evaluation of the nature and the strength of subjective
tinnitus that the physician can get is what the patient reports. Although
most instances of tinnitus are associated with hearing loss, tinnitus can
occur with normal hearing. Subjective tinnitus is a phantom sensation (1]
that is caused by pathologies of the ear or the auditory nervous system. In
that way, tinnitus is similar to other phantom sensations. such as those that
occur after amputation of a limb, where sensations may be referred to
different parts of the amputated limb [5].

Subjective tinnitus has many similarities with the symptoms of neurologic
disorders, such as parcsthesia of the somatosensory system, and in particu-
lar with central neuropathic pain [6]. Similar phantom sensations as tin-
nitus and paresthesia of the somatosensory system rarcly occur in other
sensory systems but have been reported in vision (phosphene) and olfac-
tion (phantosmia or olfactory hallucinations). Little is known about phan-
tom tastc sensations.

Where is subjective tinnitus generated?

Because the main symptom of tinaitus s 4 sound. it is natural to expect
that the symptoms originate in the car. Although some forms of tinnitus arc
most likely generated in the ear by abnormal activity of hair cells or by
abnormal lunctions of the most peripheral part of the auditory nerve, the
anatomic location of the physiologic abnormality that causes most forms of
severe subjective tinnitus is the central nervous system (CNS) (including the
central portion of the auditory nerve). The fact that deafl people can have
tinnitus and in particular individuals in whom the auditory nerve has been
severed can have tinnitus supports the hypothesis that tinnitus is not always
generated (directly) in the ear.

The ear

Tinnitus is one of the three symptoms of Meniere’s discase and because
the two other symptoms of that disorder (fluctuating hearing loss and
vertigo) are closely related to the function of the ear, it may be assumed that
the tinnitus in Meniere’s discase is caused by malfunction of structures in the
ear. The fact that some forms of tinnitus can be alleviated by section of
the auditory nerve [7.8] also indicates that abnormalities in the car can
be the direct cause of tinnitus. As Pulec [7.8] has emphasized, however. the
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auditory nerve must be scctioned central to the spiral ganglion to relieve
tnnitus. and that indicates that the cause of the tinnitus may be the auditory
nerve rather than the ear in such cases.

Electrical current that is passed through the cochlea can reduce the
tinnitus in some patients [9.10]. which indicates that these forms of tinnitus
are generated in the car. Electrical current passed through the cochlea
changes the activity in auditory nerve fibers. If tinnitus is caused by de-
privation of neural activity in the auditory nerve. electrical current may
restore activity. The finding that cochlear implants can alleviate tinnitus in
some patients [11.12] supports that hypothesis.

Exposure to loud sounds (noisc) or administration of ototoxic drugs can
cause tinnttus thatisassociated with hearingloss. Noise and ototoxic drugs are
assumed primarily to affect the ear (hair cells) but the tinnitus may in fact be
generated in the CNS as a result of deprivation of input or perhaps because
of abnormal input from the car. To complicate matters further, there is
increasing evidence that hearing loss from noise exposureis not solely affecting
hair cells but overcxposure to sound is also associated with CNS changes that
can be detected morphologically [13] and physiologically [14-17]. Even
presbycusis may have central components [18]. The physiologic changes that
cause tinnitus may occur because of deprivation of input that may chunge the
function of CNS structures as a result of expression of neural plasticity.

Tinnitus only occurs in some individuals with hair ccll injuries and that
indicates that factors other than injuries to hair cells are necessary for the
development of tinnitus. H deprivation of input to the CNS from the car
always caused tinnitus. then one would expect that auditory nerve scction
would cause tinnitus. That is obviously not the case because auditory nerve
seetion has been used successfully to treat some forms of tinnitus {8]. This
again emphasizes the complexity of tinnitus and the fact that such disorders
as tinnitus often require the involvement of more than one factor to develop
symptoms. Although little is known about the primary factors that causc
tinnitus, nothing 1s known about these additional lactors that seem to be
necessary for development ol tinnitus.

That means that whercas the primary cause of the tinnitus may be
malfunction of the car, the anatomic location of the structures that generate
the abnormal neural activity that is perceived as sound may not be located
in the car at all. but rather somewhere in the CNS. The spontaneous dis-
charge rate of auditory nerve fibers in animals that have been treated in
ways that causc tinnitus in humans (ie. by ototoxic antibiotics) is not ele-
vated but rather reduced [19-21]. as is also the case in animals with acute
injury to the cochlea [22§. This indicates that tinnitus may not be directly
related to the spontaneous discharge rate of auditory nerve fibers. which
seems surprising because tinnitus is regarded as a hyperactive disorder.
Administration of salicylate can cause an increase in the spontancous
discharge rates of single auditory nerve fibers [1.23.24] in experimental
animals. And yet, salicylates are used to treat tinnilus in some patients.
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These obscrvations support the hypothesis that subjective tinnitus is not
related to the discharge rate of auditory nevve fibers.

Injury to the ear may act to cause tinnitus by deprivation of input to the
auditory nervous system. Many studies of other systems have shown that
deprivation of input to CNS structures can cause hyperactivity ol specific
structures through expression of neural plasticity. Propertics other than the
discharge rate may be correlated better to tinnitus. It has been suggested
that phase-locking of the activity in many nerve fibers may be a factor more
closely related to tinnitus than the discharge rate [25.26].

The nervous system

An increasing number of studics have shown that most forms of severc
tinnitus arc caused by abnormal functioning of the nervous system. The
expression of neural plasticity plays an important role in the development of
such tinnitus and the symptoms and signs that often accompany scvere
tinnitus. such as hyperacusis, and affective disorders, such as phonophobia
and depression.

The tinnitus and other svmptoms that often accompany tinnitus, such as
hyperacusis, phonophobia, and depression may be caused by changes in the
function of the auditory nervous system that normally responds (o sounds or
it may be caused by an abnormal involvement of parts of the nervous system
that are normally not involved in processing sounds. Several studies have
indicated that tinnitus and the other signs that often accompany severe
tinnitus (hyperacusis and phonophobia) may be caused by changes in the
function of nuclet in the ascending auditory pathways [[5.27] or by
redirection of information to regions of the CNS that normally do not
receive that kind of auditory input [28 -30]. Indications that the nonclassical
auditory pathways may be involved in tinnitus have been shown in some
studies that showed that tinnitus in some individuals was affected by
electrical stimulation of the somatosensory system [29]. Because the classical
ascending auditory pathways have no known input from the somatosensory
system it was concluded that this cross-modulation was a result of in-
volvement of the nonclassical auditory pathway. Other studies have shown
other evidence that some individuals with tinnitus have abnormal cross-
modal interactions, especially with the somatosensory system [31,32], which
supports the hypothesis that tinnitus is generated at anatomically different
locations in the CNS than those that normally process sounds. Earlier studies
have shown evidence that electrical stimulation of the skin behind the cars
can relieve tinnitus [33] and stimulation of the skin of the fingers can also
relieve tinnitus in some individuals [34.35]. Such cross-modal interaction is
assumed to involve the nonclassical auditory pathways [29] because that
system reccives input from other sensory systems, unlike the classical system.

The fact that temporomandibular joint disorders often are associated
with tinnitus [36) and that the tinnitus is often alleviated when the temporo-
mandibular joint is treated [37] may be explained by interaction between
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the somatosensory system (the sensory trigeminal nerve) and the auditory
system [38].

The nonclassical auditory system

The nonclassical pathways (also known as the extralemniscal pathways or
the nonspecific, diffuse and polysensory pathways [39-45]) ascend in parallcl to
the much better known classical pathways [41.44.45). The nonclassical
pathways receive their main auditory input from the central nucleus of the
inferior colliculus. which belongs to the classical ascending pathways.

Little is known about the normal function of the nonclassical pathways
but studies have found indications that these pathways are active in some
patients with severe tinnitus. Recent studies have shown evidence that the
nonclassical auditory pathways are active in loudness perception in young
children {46] but rarely in individuals above the age of 20 years [29.46].

The nonclassical pathways use the dorsal and medial thalamic nuclei
(medial geniculate body [MGB], dIMGB and mMGB) as their relay nuclei,
whereas the classical auditory pathways use the ventral thalamic nucleus
(vMGB) [45]. The thalamic nuclei of the nonclassical auditory pathways
project to association cortices and nonsensory structures. such as thosc of
the limbic system. whereas the thalamic nuclei of the classical pathways
project to the primary auditory cortex. The nonclassical auditory pathways
have subcortical connections to limbic structures, whereas the classical
auditory pathways connect to limbic structures through a long chain of
neurons where the information is processed and modulated by mtrinsic and
extrinsic neural activity. The nuclet of the nonclassical pathways perform
less specific analysis of sounds than those of the classical pathways [40.45,
47]. Another difference between the two pathways is that the nonclassical
auditory pathways receive input not only from the ear but also from sensory
organs of other sensory modalities. The best known arc from the
somatosensory system and the vision. The fact that ncurons in the nuclei
of the nonclassical auditory system receive input from the somatosensory
system has been used in studies of the involvement of the nonclassical
auditory system in perception of loudness [29,46].

Involvement of nonanditory paris of the CNS

The mMGB and dMGB project directly to the lateral nucleus of the
amygdala (Fig. 1) [45.48)]. and this may explain the affective components
that often accompany scvere tinnitus (and chronic pain). The findings that
limbic structures dare morce active in response to sound stimulation in some
patients with tinnitus [28] support the findings that the nonclassical auditory
system is involved in tinnitus.

How is tinnitus generated?

The cause of tinnitus is unknown in most cases. Tinnitus may occur
together with changes in the cochlea or the CNS. Such changes may be
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Fig. 1. Schematic diagram showing connections {rom the classical and the nonclassical ascend-
ing auditory pathways to the nuclet of the amygdala. Some connections from the amygdala
nuclei are also shown. AAF —anterior auditory ficld: ABL = basolateral nucleus of the amyg-
dala: ACLE = central nucleus of the amygdala; Al— primary auditory cortex: All =sccond-
ary auditory cortex: AL —lateral nucleus of the amyeadala; DC =dorsal cortex of the inferior
colliculus; 1CC - central nucleus of the inferior colliculus: ICX = external nucleus of the inferior
colliculus; MGB = medial geniculate body. (From Meller AR. Sensory systems: anatomy und
physiology. San Dicgo: Academic Press: 2002: with permission.)

morphologic in naturc and can be obscrved using histologic methods. An
example of morphologic changes that are often accompanied by tinnitus is
injuries to cochlear hair cells, caused for example by exposure to loud noise,
especially impulsive noise. Tinnitus does not occur in all instances of noisc-
induced hearing loss. however. and the seventy of the tinnitus is not directly
related to the degree of hearing loss. There is doubt that tinnitus is caused
directly by morphologic changes in the cochlea. It seems more likely that
most lTorms of tinnitus that are related to pathologics in the ear and the
auditory nerve are caused by abnormal input to CNS structures in the form
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of deprivation of auditory input or generation of novel input. Deprivation
of input may cause expression of neural plasticity that can take the form of
linnitus and other symptoms. Similarly, injuries to the auditory nerve. such
as those from vestibular schwannomas, or irritation of the auditory nerve
from close contact with a blood vesscl may gencrate abnormal neural
activity that can also cause changes in the function of central structures.
This means that most forms of severe tinnitus are probably caused by
a4 sequence of complex events.

Salicylates and diuretics (furosemide or ethacrynic acid) may cause
tinnitus as can many other drugs, such as quinine, indomethacin, amino-
glycoside antibiotics, and cisplatin [49.50]. How this may occur is unknown.

Tinnitus almost always accompanies vestibular schwannomas but tin-
nitus from vestibular schwannomas represents only a small fraction of the
patients who have scvere tinnitus. Tinnitus almost always is the first
symptom of a vestibular schwannoma and the tinnitus may be worse after
removal of a vestibular schwannoma [51]. Although this may indicate that
structural injuries can cause tinnitus. the ncural activity that causcs the
tinnitus may not be generated in the auditory nerve itself but rather in more
central structures. The changes in the central structures may be caused by
novel input from the injured auditory nerve or reduced input. That
hypothesis is supported by the observation that auditory nerve section does
not relieve tinnitus in all such patents.

Other forms of surgical manipulation of the auditory, nerve such as may
occur during microvascular decompression of ncarby cranial nerves (CN VII
and CN V), may also cause tinnitus. Vascular contact with the intracranial
portion of the auditory nerve (microvascular compression) has been associ-
ated with tinnitus because the tinnitus may disappear when the offending
vessel is moved off the auditory nerve [52-54]. Vascular compression
of cranial nerves [54] has becn regarded to cause such symptoms as
hemifacial spasm (HFS), trigeminal neuralgia (TGN). disabling positional
vertigo (DPV), and tinnitus [53,55] because of injuries (o the respective
cranial nerves. Evidence from studies of HFS [25.56]. however. seems to
indicate that the effect is instead an irritation that causes abnormal neural
activity thatin turn changes the function of more central structures through
processes known as the kindiing phenomenon {57] or neural plasticity |58).
Vascular compression may occur without any symptoms [59] indicating that
other factors arc necessary for the development of tinnitus than vascular
contact with the auditory nerve [56]. The outcome of MVD operations for
tinnitus is much more favorable in women than in men [S3]. vet more
evidence that supports the hypothesis that several factors are involved in
causing tinnitus. These additional tactors that are necessary for expression of
symptoms are essentially unknown but slight differences in resting
membrane potentials in neurons in the auditory nervous system. or abnormal
synaptic threshold or efficacy. may be factors that are important for the
development of such disorders. These factors may not produce any
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noticeable symptoms or signs and only when occurring together with such
factors as vascular compression do they manifest. Disorders that can be
cured by MVD operations, and many other disorders. depend on the
presence of several factors being present together for the development of
symptoms and for maintaining these symptoms [36.60].

That patients with tinnitus may have different etiology is supported by
the finding that patients with unilateral tinnitus have much better results
of MVD operations than patients with bilateral tinnitus [61]. This again
emphasizes the complexity of subjective tinnitus.

Many forms of subjective tinnitus become less treatable by MVD with
the duration of the symptoms [53] indicating that the changes in the function
of the CNS that cause the tinnitus become more established with time and
more difficult to reversc. Similar observations have been made in other
disorders that can be treated by MVD, such as TGN [62]. Also, neuropathic
pain becomes more difficult to treat with time.

The role of neural plasticity in tinnitus

Expression of neural plasticity occurs in all parts of the CNS and it can
be caused by many different factors, where deprivation of input. abnormal
input, or injury are the most common. In fact, it is assumed that the role of
neural plasticity 1s to shift functions of injured structures to other parts of
the CNS. This is what is termed good plasticity [45]. There is also bad
plasticity. which causes symptoms and signs of diseases {60]. Bad plasticity
often causes hypersensitivity and hyperactivity and may redirect informa-
tion to other parts of the CNS by unmasking dormant synapses [45,63] or by
creating new connections by axonal sprouting.

Many studies have supported the hypothesis that neural plasticity plays
an important role in some forms ol tinnitus [29,30.60,64 -66]. Deprivation of
input can activate neural plasticity, which can cause changes in synaptic
function [63.67.68]. a form of learning. Functional changes induced
by neural plasticity can be transient. persistent. or permanent, but most
functional changes are reversible by suitable stimulation. Most of the un-
derstanding of the role of neural plasticity in causing symptoms and signs ol
disorders [60] comes from studies of neuropathic pain [69 -71].

Animal experiments have shown evidence that deprivation of input
caused by hearing loss can cause nuclei of the auditory pathways to show
signs of hypersensitivity [15] and similar hypcractivity has becn linked (o
scvere tinnitus. Exposure to foud sounds can cause persistent hyperactivity
in nuclel of the auditory system [27.72]. Hyperactivity and changed
temporal integration often occur in parallel as signs of {unctional changes.
such as those induced through the expression of neural plasticity.
Abnormal temporal intcgration has been shown in animal experiments
to occur in the auditory system after overstimulation {27.72] and from
deprivation of tnput [16] and in humans after injuries to the auditory nerve
[73].
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When synapses that are normally not conducting nerve impulses be-
come conducting (unmasking of dormant synapses [63.68]). il can cause
redirection of information. It has been hypothesized that such rewiring may be
responsible not only for tinnitus, but also for the symptoms that often
accompany severe tinnitus, such as hyperacusis, and atfective disorders. such
as phonophobia and depression, because auditory information is redirected to
portions of the CNS that normally do not receive auditory information. at
least notin that form. It should be possible to reverse functional changes in the
auditory nervous system that arc caused by expression of neural plasticity by
appropriate sound stimulation and a method that makes use of that. tunnitus
retraining therapy, is currently in use for treatment of tinnitus [74]. Future
investigations will no doubt further develop such treatments.

Evidence has been presented that symptoms of several other diseases can
also be caused by expression of neural plasticity [60]. such as hemifacial
spasm [56]. synkinesis after facial nerve injuries [75]. and in particular
central neuropathic pain [30.45.76]. A recent finding has demonstrated that
cxposure to rapid pressure changes can alleviate the symptoms of Meniere's
discase including tinnitus [77]. A pulsating pressure applied to the middle ear
cavity (through a plastic tube inserted in the tympanic membrane) alleviated
symptoms of Meniere's disease. This stimulation of the vestibular apparatus
by the pulsating air pressure may have caused an expression ol neural
plasticity. which indicates that neural plasticity is involved in generating the
symptoms of Menicre’s disease.

Similarities behween pain and tinnitus

Some forms of pain have similarities with severe tinnitus {6.30.78]. Shea
et al [79] discussed similarities between tinnitus and pain in connection with
the use of lidocaine or lidocaine-like drugs in treatment of tinnitus. Lido-
caine. admimstered intravenously. is one of a few drugs that can effectively
alleviate tinnitus, but attempts to find drugs with the same beneficial effect
on tinnitus that can be administered orally has been disappointing.
Lidocaine works from the inside of cells and blocks sodium channels after
it has been protonated. Tonndorf [78] discussed the similarities between
tinnitus and pain related to the gating theory of Melzack and Wall [80].
Moller [6.30] discussed the similaritics between severe tinnitus and central
neuropathic pain. Considering that much more is known about the patho-
physiology of pain than of tinnitus. it is valuable to consider hypotheses and
results of studies of pain for the understanding of the pathophysiology of
tinnitus. Some forms of tinnitus [[.81] and some forms of pain are phantom
sensations that are difficult to describe quantitatively by patients.

The perception of sensory stimuli including pain is abnormal in many
individuals with severe pain and individuals with tinnitus often have
abnormal perception of sounds (hyperacusis). Both pain and tinnitus ave
often accompunied by affective symptoms. such as depression. Some signs.
such as abnormal temporal integration of paintul stimuli in individuals with



A.R. Moller | Otolaryngol Clin N Am 36 (2003) 249-266 259

severe neuropathic pain of central origin [82], are similar to what has becn
observed in amimal experiments after deprivation of auditory input [16} or
after overstimulation with sound [27.72].

Like tinnitus. some forms of pain (central neuropathic pain) are caused
by expression of neural plasticity and neural plasticity has been studied
extensively in this regard [60.70.83-85]. Some forms of pain can be reversed
by appropriate sensory stimulation (transdermal electrical nerve stimula-
tion) [86]. supporting the hypothesis that this kind of pain is caused by
reversible changes in synaptic efficacy. Tinnitus can often bc alleviated by
appropriate sound stimulation (tinnitus retraining therapy [74]).

The neural circuits in the dorsal horn of the spinal cord are of special
interest in regard to pain and the function of these circuits has been studied
extensively. There are similarities between the transtformation of dorsal horn
ncurons (especially the wide dynamic range neurons) that cause central
neuropathic pain and the changes that occur in the nuclei of the ascending
auditory pathways in animals after treatments that normally cause tinaitus
in humans.

The neurons in the dorsal horn of the spinal cord normally process
mnocuous and noxious cutancous stimuli and input from proprioceptors.
The processing that normally occurs in those circuits and in different forms
of puain has been divided into four main states [70]. The first state is the
normal state, where innocuous and noxious stimulations are processed
separately and transmitied to more central regions. In the second state the
sensitivity to sensory stimulation s reduced. In the auditory system, that
corresponds to hearing loss. In the third state, transient sensitization of the
dorsal horn neurons occurs and the sensibility to noxious stimulation is
increased. Normally innocuous stimulation causes pain (allodynia) and
exaggerated reaction to painful stimulations (hyperalgesia). This situation,
which occurs after injuries and from acute inflammation, is known as
neuropathic pain and it resembles the changes that occur in the auditory
system immediately after strong sound exposure. (The term neuropathic pain
means pain caused by the nervous system. Neurologists usually reserve the
term [or pain related to peripheral nerves and cranial nerves.)

The third mode of processing in the dorsal horn is explained by facilita-
ted synaptic transmission, caused by increased excitation and decreased
inhibition {70]. This is caused by expression of neural plasticity [85] involving
the wide dynamic range neurons [70.87,88], which receive input from several
types of mechanoreceptors and pain receptors in the skin. It is assumed that
thesc changes arc caused by expression of neural plasticity and that they causc
the symptoms and signs of persistent central neuropathic pain.

In the fourth state of processing in the dorsal horn, the neural circuits are
reorganized. This state, known as central neuropathic puin, is persistent and
includes allodynia and hyperalgesia. The reorganization of the CNS
structures consists of changes in synaptic efficacy or establishment of new
connections by sprouting of axons or severing of connections. This state has
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similarities to the third state but it is persistent. The degeneration of nerve
fibers. such as from tissuc injury [69]. can cause vacant synaptic sites that
may be invaded by sprouting of other kinds of fibers [70].

The increased scnsitivity to sounds (hyperacusis) that is often expericnced
by individuals with severc tinnitus corresponds to hyperalgesia. It has
similarities to the symptoms of pain that arc experienced in the third and
fourth states of changes in the processing in the dorsal horn. The fact that
some normal sounds are perceived as being painful corresponds to
allodynia.

There is evidence that neurons in the inferior colliculus and perhaps the
cochlear nucleus may undergo similar changes in function as the wide
dynamic range ncurons. Such changes could cause tinnitus and redirection
of information to the nonclassical auditory pathways.

Redirection of infornmation and the role of the nouclassical
auditory pathwavs

Changes in synaptic cfficacy can open connections in the CNS that are
normally not conducting and that can redirect information in the CNS:
thereby auditory information may rcach parts of the CNS that normally do
not reccive auditory inlformation. The auditory information could be
channeled to specific structures through other than normal pathways.
Auditory information may activate the nonclassical auditory pathwavs
in some individuals with severe tinnitus [29,31.32,65.89] and such redirect-
ion can explain some of the other symptoms that are often associated with
tinnitus, such as affective disorders [29]. Involvement of the nonclassical
pathways may also explain the abnormal perception of sounds. such as
hyperacusis and distortion of sounds. which often accompanics severe
tinnitus. Many studies have shown that tinnitus is matched to sounds with
very low intensity and that tnnitus is difficult to mask [90-92]. These
differences may be explamed by the hypothesis that the physiologic
abnormality that generates tinnitus is not the ear or that the neural activity
that gencrates the sensation of tinmtus is different from that normally
evoked by sound. This abnormal neural code may be generated in neural
circuits other than those that normally process sounds. indicating that
redirection of information has occurred.

Implications of involvement of the nonclassical auditory patinvays

The classical and the nonclassical ascending auditory pathways difler in
scveral ways. The classical pathway projects to primary auditory cortices by
nuclei in the vMGB of the thalamus [41.44.45], whercas the nonclassical or
cxtralemniscal pathways uses the dMGB and mMGB of the thalamus and
projects to secondary and association cortices bypassing the primary
auditory cortices [40.,44.45]. The dorsal and medial thalamic nuclei also have
a direct projection to the lateral nucleus of the amygdala (see Fig. 1). Much
less is known about the nonclassical pathways than the classical pathways,
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both anatomically and physiologically. Neurons in the nuclei of the classical
pathways respond with sharp frequency tuning and have specific responses
to many different kinds ol sounds [44.45]. whereas neurons in the nonclas-
sical pathways respond less specific to sound [40.47.93]. Although neurons
in the classical auditory pathways only respond to sound. some ncurons
in the nonclassical pathways also respond to other sensory modalities.
such as somatosensory [40.94.95] and visual stimuli. Recently, several ana-
tomic studies have demonstrated connections between the somatosen-
sory system and the auditory system, both from the body (dorsal column
nuclei) [96) and the head (trigeminal nucleus) [38.96].

Little is known about the normal function of the nonclassical pathways
but recent studies have indicated that the nonclassical pathways in children
are involved in loudness perception. That involvement decreases gradually
with age [46] and involvement of the nonclassical pathways is rare in individ-
uals above the age of 20 years [29,46]. There is increasing evidence that
the nonclassical pathways may be activated in individuals with some forms
of timitus [29,31.65].

The different processing that occurs in the nuclei of the nonclassical
pathways [47,93.97] may explain why some individuals with tinnitus
perceive sounds differently. It may explain hyperacusis and the fact that
tinnitus is ditficult to mask with sounds and that matching of tinnitus to
physical sounds counsistently results in unrealistic low values.

The direct connection from the thalamic nuclei of the nouclassical
pathways to the amygdala [44.45] (the low route [48]) may cxplain the
affective components of tinnitus that some patients experience {29], such as
fear reactions [98]. phonophobia, and depression. The lateral nucleus ol the
amvedala to which the nonclassical auditory system projects connects (o
other nuclel of the amygdala, which connect to many other imbic structures
and many other parts of the CNS (see Fig. 1) [99.100]. Studics using func-
tional imaging have confirmed abnormal involvement of limbic structures
in some patients with tinnitus [28].

Auditory information can also recach limbic structures. such as the
amygdala, through the classical auditory system (the high route) [48]. but
that occurs through a long chain of neurons in the primary auditory cortex,
secondary auditory cortex. and association cortices (see Fig. 1) [101]. The
information that reaches the amygdala through that route is subjected
to extensive processing and modulation by neural activity generated by
intrinsic and extrinsic sources. The auditory mformation that reaches the
amygdala through the direct route from the thalamic nuclei of the nonclas-
stcal auditory pathway is little processed and the ability to modulate that
activity 1s limited (see Fig. [) [45].

The nuclet of the amygdala are involved in fear reactions and in affective
disorders and abnormal auditory input through the low route may explain
the affective components of sonme forms of tinnitus. The amygdala connects
to many parts of the CNS including thosc controlling endocrine and
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autonomic systems (see Fig. 1) and that may explain the abnormal
activation of autonomic systems, such as the sympathetic nervous system.
that often accompanies scvere tinnitus. It is a general observation that the
tinnitus is often affccted by stress and it is known that the sympathetic nerve
system can modulate the sensitivity of sensory receptors in other sensory
systems, such as the somatosensory system (45]. It is possible that the
adrenergic innervation of the cochlea may not only affect the blood flow but
may also affect the sensitivity of hair cells because thesc autonomic nerves
terminate close to the hair cells [102]. The norcpinephrine that is secreted
from thesc adrenergic nerve fibers may cause hair cells to become activated
without any sound being present. The finding that sympathectomy can
alleviate tinnitus in somc patients [103,104] supports the hypothesis that the
sympathetic nervous system is involved in some forms of tinnitus.

Auditory hallucinations

Auditory hallucinations are generated in cortical structures of the
nervous system. Temporal lobe tumors must be ruled out in a person who
presents with auditory hallucinations, although that is a rare cause. Such
hallucinations may include hearing music or voices. Auditory hallucinations
often occur in psychiatric disorders, such as schizophrenia. but can also
occur postoperatively particularly if ketamine-like drugs have been used.
Various street drugs also cause auditory hallucinations. often in the form of
hearing voices.
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