Chapter 13

Neural Synchrony and Neural Plasticity in Tinnitus
Larry E. Roberts

Keypoints
1. Most individuals with chronic tinnitus have highfrequency hearing loss, induced by noise exposure,
otological disease, or the aging process. Physiological
evidence suggests that in such individuals, tinnitus is
likely caused not by irritative processes that persist in
the ear after cochlear injury, but by changes that
occur in central auditory pathways when the ear is
partly disconnected from the brain.
2. In animals, hearing loss induced by experimental
noise trauma leads to a reorganization of tonotopic
maps in the primary auditory cortex, such that frequencies near the edge of normal hearing come to be
overrepresented at the expense of frequencies in the
hearing loss region. Neurons show increased spontaneous ﬁring rates in cortical and subcortical auditory
structures, and in the auditory cortex, increased synchronous activity in the region of hearing impairment.
3. Evidence from physiological, psychoacoustic, and
human brain imaging studies suggests that increased
neural synchrony (temporally coupled neural activity) in the hearing loss region may be an important
mechanism contributing to tinnitus. Tinnitus spectra and residual inhibition functions overlap the
region of auditory threshold shift, consistent with
this hypothesis.
4. Several forms of neural plasticity may contribute to
changes in spontaneous ﬁring rates and neural synchrony that develop after hearing loss. Because the
tuning of auditory neurons can be modiﬁed by acoustic
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training procedures throughout the lifespan, it may
be possible to reverse some of the neural changes
underlying tinnitus.
5. For this goal to be achieved, it must be possible to
modify auditory representations by acoustic training
in individuals with tinnitus, and the neural modiﬁcations induced by training must intersect with the
underlying tinnitus mechanisms. Auditory plasticity in
normal hearing individuals and people with tinnitus
requires further study.
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Introduction
Although our understanding of the mechanisms of tinnitus comes from many sources, two recent lines of
research, in particular, have provided insight into the
question of how the sensation of tinnitus is generated.
The ﬁrst line of research has shown that hearing loss
induced by noise exposure in animal models leads to a
reorganization of tonotopic maps in the primary auditory cortex, such that frequencies near the edge of nor-

!2 -LLER ET AL EDS Textbook of Tinnitus,
DOI 10.1007/978-1-60761-145-5_13, © Springer Science+Business Media, LLC 2011

103

104

mal hearing come to be overrepresented at the expense
of frequencies in the hearing loss region [1–3]. Because
hearing loss is a putative cause of tinnitus, it was
suggested that this overrepresentation, or changes in
neuron response properties associated with it, may
underlie tinnitus percepts [4, 5]. The second line of
research demonstrated that neural representations for
sound in the primary auditory cortex are not ﬁxed after
early development but can be modiﬁed over the lifespan
by procedures such as deafferentation or auditory
training that alter the organism’s experience with sound
[6, 7]. This phenomenon is called “neural plasticity”
(see Chap. 12). These two lines of research have converged to ask whether neural plasticity may be involved
in the generation of tinnitus, and if so, whether acoustic
training procedures might be designed to reduce tinnitus
or prevent its development when hearing loss occurs.
This chapter reviews evidence from animal models
of hearing loss, human psychoacoustic studies, and
brain imaging experiments that suggests that tinnitus is
generated by abnormal synchronous (temporally coupled) neural activity that develops in the auditory cortex when central auditory structures are deafferented
by cochlear pathology. It is useful to formulate a perspective on the neural basis of tinnitus, because treatment procedures designed to reduce tinnitus must
interact with this mechanism if tinnitus is to be altered.
I also brieﬂy review evidence for neural plasticity in
the auditory system and ask whether the rules that
describe auditory plasticity in normal hearing individuals apply as well to individuals with tinnitus. This
cannot be assumed, because people with tinnitus experience not only some degree of hearing loss but also an
auditory sensation that may interfere with the remodeling process. In a later chapter (Chap. 72), we discuss
current approaches to sensory training from the perspective of research on these two questions.

The Neural Synchrony Model of Tinnitus
It is widely recognized that most individuals who have
tinnitus also have sensorineural hearing loss caused by
injury, otological disease, noise exposure, or the aging
process. Even when auditory thresholds are in the normal range (d25 dB HL), tinnitus sufferers often have
evidence for restricted cochlear dead regions [8] or
show threshold elevations in the audiogram on the
order of 10 dB in the tinnitus frequency range compared
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to age-matched controls [9] suggesting that some
degree of hearing impairment is present. In most cases,
however, it is doubtful that chronic tinnitus is generated by irritative processes that persist in the cochlea
damaged by hearing loss. Damage to the cochlea
caused by lesioning or noise exposure typically leads
not to an increase in spontaneous activity in auditory
nerve ﬁbers, which might be expected from such processes, but rather to a decrease in auditory nerve activity, pointing to a reduction of input to central auditory
structures [5]. These observations suggest that the sensation of tinnitus in the majority of individuals is generated not in the ear but by changes that have occurred
in central auditory pathways when the brain has been
partly disconnected from the ear by hearing loss (deprivation of input, see Chap. 11). Consistent with this
understanding, most individuals who had tinnitus
before removal of a vestibular schwannoma with sectioning of the auditory nerve also had tinnitus after the
operation. Tinnitus is also a predictable outcome after
sectioning of the auditory nerve in individuals who did
not have tinnitus before their operations for vestibular
schwannomas or other conditions [10] (see Chap. 39).
Animal models of hearing loss have begun to give a
picture of the changes that occur in central auditory
pathways following auditory deafferentation. The
understanding supported by these studies is summarized in Fig. 13.1a (from [5]), which depicts the primary auditory cortex of a cat that has sustained a
high-frequency hearing loss induced by noise trauma.
The left side of the ﬁgure shows the undamaged region,
including thalamocortical afferents synapsing on input
neurons followed by feed-forward (i) and lateral (ii)
inhibition after one synaptic delay. Feed-forward inhibition is functionally dissociable from lateral inhibition [11] and quenches target neurons after their
depolarization, which may protect thalamocortical
synapses from down-regulation (and preserve their
cochleotopic tuning) when the neurons are driven by
uncorrelated input from horizontal ﬁbers in the tonotopic map. Animal studies have shown that when a
region of the tonotopic map is disconnected from the
ear by cochlear damage (right side of Fig. 13.1a), auditory neurons in the affected region begin to respond
preferentially to input conveyed by horizontal ﬁbers as
their thalamocortical input is impaired or lost. As a
consequence, the cortical tonotopic map “reorganizes”
when the affected neurons begin to express the tuning
preference of their neighbors, leading to an overrepresentation of edge frequencies in the tonotopic gradient
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Fig. 13.1 Central effects of
hearing loss in the cat.
(a) Tonotopic map of primary
auditory cortex depicting
intact thalamocortical input to
neurons in a low-frequency
region (left) and diminished
thalamocortical input to a
high-frequency region affected
by hearing loss (right).
Neurons in the damaged
region begin to express the
tuning of their unaffected
neighbors via horizontal ﬁbers
when their thalamocortical
input is lost. Feed-forward (i)
and lateral (ii) inhibition is
depicted in the intact
low-frequency region. Graphic
FROM %GGERMONT AND 2OBERTS
[5] (with permission). (b)
Tonotopic representation in a
normal cat (solid line) and in a
cat with high-frequency
hearing loss induced by noise
trauma (open circles). The
abscissa is transcortical
distance from a reference point
near the apex of the basilar
membrane. An overrepresentation of edge frequencies is
seen in the hearing impaired
CAT $ATA FROM 2AJAN AND
Irvine [2] (with permission)
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(an example is shown in Fig. 13.1b, from [2]). It has
been proposed that this overrepresentation of edge
frequencies may correspond to the tinnitus percept,
which was thought to be conﬁned to the edge of normal
hearing. However, this is doubtful not only because of
evidence to be presented below but also because it is
not obvious how the activity of the affected neurons
would be heard in terms other than their original cochleotopic tuning.
Other changes in the response properties of auditory neurons documented by animal studies of hearing
loss are more likely to contribute to the tinnitus percept. One such change is that neurons in cortical and
subcortical auditory structures (but not auditory nerve
ﬁbers) increase their spontaneous ﬁring rates as input
from the ear is diminished. This effect could reﬂect an
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adaptive rescaling of neuron input/output functions by
homeostatic plasticity [12] when afferent input to central
auditory structures is impaired, or inhibitory deﬁcits
consequent on deafferentation, or most probably both
factors. At the level of the cortex, increased spontaneous ﬁring has been observed to occur across the tonotopic map, including tonotopic regions that are affected
by hearing loss (typically high-frequency regions) as
well as regions that are less affected (typically lowfrequency regions). Increased spontaneous neural
activity is likely to be an important factor in the development of tinnitus, although it has been suggested by
several investigators that uncorrelated neural activity may
not be sufﬁcient to generate a coherent sound percept.
A second change that may occur is an increase in
the temporally synchronous activity of a population of
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neurons, which is expressed as an increase in cross-correlated neural ﬁring when compared to control animals
[13]. This change is more closely conﬁned to the hearing loss region and appears to reﬂect synchronous network activity that is forged over lateral connections by
neuroplastic mechanisms operating in this region [14],
possibly because the quenching effect of feed-forward
inhibition is lost. It should be noted that although thalamocortical input to the affected tonotopic region is
affected by cochlear injury, the output of the synchronously active neurons remains intact. The neural synchrony model of tinnitus suggests that this output
(which is conveyed to the thalamus by nerve ﬁbers
more numerous than the forward path) is processed by
other brain regions and generates the tinnitus percept
(see Chap. 12).
This picture of the neural mechanism of tinnitus has
implications for the psychoacoustic properties of tinnitus. One implication is that when participants in a
study are asked to rate sounds of different frequencies
for similarly to their tinnitus, ratings should not be
restricted to the region of the audiometric edge
(although contrast enhancement at the edge may contribute [15]), but should instead span the region of
hearing loss, increasing in proportion to the depth of
hearing impairment. This result should be obtained for
individuals with tonal tinnitus as well as tinnitus with
wider bandwidths because audiometric function is
similar among these tinnitus types [16]. Independent
studies by laboratories in France [17], Canada [9], and
New Zealand [18] have conﬁrmed this prediction (see
Fig. 13.2). A further implication is that post-masking
suppression of tinnitus by band-limited noise maskers
CALLED hRESIDUAL INHIBITION v OR 2) IN THE TINNITUS LITerature) should increase proportionately as the center
frequency (CF) of the masking sound enters the tinnitus frequency region. This is because these masking
sounds (which are presented at intensity levels exceeding the hearing threshold and the tinnitus sound) should
reinject feed-forward inhibition into the affected
regions of the cortical tonotopic map, temporarily disrupting the synchronous activity underlying tinnitus
and weakening the tinnitus percept. This prediction
has also been conﬁrmed (Fig. 13.2; from [9]). It should
BE NOTED THAT 2) DOES NOT APPEAR TO BE CAUSED BY HABITuation of the affected neurons to frequencies contained
in the masker. On the contrary, these neurons are actually more easily driven by amplitude-modulated sounds
PRESENTED TO THE TINNITUS FREQUENCY REGION DURING 2)
than during tinnitus (see Fig. 13.3, from [19, 20]),
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Fig. 13.2 2ELATION OF THE TINNITUS SPECTRUM LIKENESS RATING AND
THE RESIDUAL INHIBITION FUNCTION 2) DEPTH TO HEARING LOSS IN
bilateral tinnitus (n = 59 cases). To obtain the tinnitus spectrum,
the participants rated the pitch of each of 11 sounds for its likeness to their tinnitus. A rating exceeding 40 corresponded to a
sound that was beginning to resemble the tinnitus. Likeness ratings diminished at 12 kHz, probably because these sounds were
not well matched for loudness owing to the depth of hearing loss
AT THIS FREQUENCY 2) WAS MEASURED FOLLOWING PRESENTATION OF
band-limited noise maskers differing in center frequency (CF)
(band pass ±15% of CF). A rating of −5 corresponded to “tinnitus
GONEv &ROM 2OBERTS ET AL ;9]

possibly because their capture by synchronous network activity underlying tinnitus has been disrupted.
2APID RESCALING OF SUBCORTICAL AUDITORY INPUT TO THE FREquencies contained in the masker could also contribute
to this effect [21]. Other brain imaging results that support the neural synchrony model include evidence for
(1) a degraded frequency (tonotopic) representation
above ~2 kHz in the region of primary auditory cortex
in individuals with tinnitus compared to controls [22]
(this reorganization resembling that seen in animal
models of hearing loss) and (2) increased spontaneous
oscillatory brain activity in individuals with tinnitus
[23]. The latter effect tracks the laterality of the tinnitus percept and may reﬂect augmented network underlying this condition.
As described here, the neural synchrony model
accords an important role to the primary auditory cortex in the generation of tinnitus percepts. However,
neuron response properties, including increased spontaneous activity and map reorganization, are also altered
by hearing loss in subcortical auditory structures [24, 25],
although neural synchrony in these regions has not yet
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Fig. 13.3 %LECTROMAGNETIC CORRELATES OF RESIDUAL INHIBITION 2) 
(a !UDIOGRAM AND CORRESPONDING 2) FUNCTION FOR A SINGLE INDIVIDual with hearing loss around 4 kHz. A band-limited masker (±15%
of CF) centered at 4 kHz in the notch region corresponded to the
TINNITUS SENSATION AND GAVE GOOD 2) 4HIS MASKER WAS USED TO
INDUCE 2) IN THIS INDIVIDUAL IN b). (b) The brain response evoked by
4 kHz 40-Hz AM probe tones (duration 0.5 s) delivered after 30 s of
MASKING WHEN THE PERSON WAS EXPERIENCING 2) top right panel) or
tinnitus (top left panel, no preceding masker). This brain response
CALLED THE  (Z AUDITORY STEADY STATE RESPONSE OR !332 MEAsured here by magnetoencephaolography [MEG]) localizes tonotopically to the region of the primary auditory cortex (see Fig. 13.4a)
and gives a picture of neural activity occurring in this region
THE  K(Z REGION IN THIS RECORDING  4HE !332 IS LARGER IN 2)

COMPARED TO TINNITUS 2OBERTS 7EISZ 7IENBRUCH AND "OSNYAK
 UNPUBLISHED DATA  5NLIKE THE !332 THE . EVOKED RESPONSE
(localizing to secondary auditory cortex) adapted after masking
(lower panel). (c) Subsequent research using electroencephalographic (EEG) recordings [19] found that enhancement of the
!332 AFTER MASKING IS SPECIlC TO INDIVIDUALS WITH TINNITUS n = 14,
p = 0.0058) and is not seen in age-matched controls (n = 14, p = 0.99).
7ITHOUT MASKING !332 AMPLITUDE IS REDUCED IN TINNITUS p = 0.012)
RETURNING TOWARD NORMAL LEVELS AFTER MASKING 5NLIKE THE !332
the N1 adapted after masking (p = 0.007, results not shown; cf.
(b) lower). It should be noted that in (c), the probe stimulus (5 kHz)
was matched for intensity to a 1-kHz 65-dB SL tone in the
region of normal hearing (a procedure that controls for loudness
recruitment in individuals with tinnitus)

been studied. Changes occurring in subcortical structures could be projected to the primary cortex and
determine some of the effects seen there, as well as
some distinct properties of tinnitus including its modulation by somatosensory inputs in many patients [26, 27].
Alternatively, the changes seen in subcortical nuclei
could be sculpted by returning output from the auditory
cortex, which may recruit a brain network supporting
tinnitus percepts. Functional brain imaging studies
have implicated several brain areas in tinnitus [28–31],
including frontal and limbic areas that may subserve,
respectively, the attentional and emotional aspects of
tinnitus described by Jastreboff [32] in a comprehensive
model of tinnitus published more than a decade ago.
These lines of evidence pointing to a role for neural
synchrony in tinnitus have implications for how sensory training might best be conducted (see Chap. 72).
The neural synchrony hypothesis implies that the goal
of training should be to disrupt the synchronous
neural activity believed to underlie tinnitus percepts.

When signiﬁcant residual hearing is present (delivered by surviving on-target thalamocortical projections or thalamocortical radiations), this goal could be
attempted by training suprathreshold sounds in the
tinnitus frequency region. These sounds may reinject
feed-forward inhibition into the tonotopic map and/or
rescale neuron transfer functions in subcortical structures to represent the trained frequencies, thereby
disrupting neural synchrony and strengthening thalamocortical synapses previously down-regulated by
abnormal synchronous network behavior. Maskers
THAT INDUCE 2) MAY OPERATE IN A SIMILAR FASHION
ALTHOUGH REPEATED INDUCTION OF 2) DOES NOT APPEAR TO
convey a lasting beneﬁt [33], at least in the absence of
active auditory training. Alternatively, acoustic training in the region of normal hearing could convey
uncorrelated inputs into the affected map region via
lateral connections, disrupting neural synchrony or
suppressing it by lateral inhibition. Before considering
research on various approaches (see Chap. 72), it is
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useful to brieﬂy consider what is known about how
auditory remodeling works in individuals with normal
hearing, and how it may contribute to the development
of tinnitus.

Neuroplastic Remodeling in Tinnitus
A feature common to the neural synchrony model and
the wider framework of Jastreboff [32] is a role for
neural plasticity in the generation of tinnitus percepts.
Although direct evidence is lacking and not easily procured, there are compelling reasons to propose a role
for such mechanisms in tinnitus. Spike-timingdependent plasticity [34] appears to be general property of cortical neurons, and this mechanism, acting in
concert with increased spontaneous ﬁring rates consequent on inhibitory deﬁcits and homeostatic plasticity
[12], would be expected to facilitate the formation of
synchronous networks in regions of the primary auditory cortex affected by hearing loss. Synchronous
activity appears to be expressed over cortical distances
that exceed those expected from thalamocortical radiations, which implicates temporal coincidence mediated by horizontal ﬁbers as a driving mechanism [14].
From the limited data available, it appears that crosscorrelated activity develops within hours of hearing
loss and grows over time [13], although the limit of
this growth is not known. Neural plasticity has the
potential to explain the variability that is seen in tinnitus percepts among affected individuals, with the addition of no new principles.
In the last 15 years, much has been learned about
how neural plasticity remodels auditory representations in normal hearing animals. Experience with
sound has a profound effect on tonotopic organization
and the tuning properties of auditory neurons in the
developing brain [35, 36] and after maturity as well
[37, 38]. Neural modeling during development appears
to be driven largely by the spectrotemporal statistics of
the acoustic input, such that neural representations
become tuned to the sounds present in the animal’s
environment. After maturity, top–down mechanisms
begin to play an additional role, preferentially gating
neural plasticity in the auditory cortex for sounds that are
important for behavioral goals [6, 39]. Several response
properties are affected by acoustic training in mature
organisms, including shifts in the tuning preference of
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auditory neurons toward the trained stimuli [6, 7],
spike rates induced by these stimuli [40, 41], tuning
bandwidth [42, 43], response latency in post-stimulus
time histograms [41, 42], and tonotopic map expansions for the trained sounds [44]. However, passive
immersion in a distinctive acoustic environment can
still have profound effects on neuron response properties and neural organization in the adult brain [38],
which may reﬂect, at least in part, changes in subcortical auditory nuclei that are driven unselectively by
stimulus input. These broad principles derived from
animal studies appear to be applicable to humans as
well [45–48], although much remains to be discovered
about the speciﬁc rules that guide remodeling in both
domains and the mechanisms that underlie them.
Whether these principles apply as well to individuals with tinnitus is less well established. A brain
response that is relevant to this question is the stimuLUS DRIVEN hAUDITORY STEADY STATE RESPONSEv !332
shown earlier in Fig. 13.3b). This response is evoked
in the electroencephalogram by sounds that are amplitude modulated (AM) near 40 Hz, localizes tonotopically to cortical sources in the region of primary
auditory cortex, and gives a picture of changes occurring in or projecting to this region during auditory
training (see Fig. 13.4a). In individuals with normal
hearing, acoustic training to detect single pulses of
enhanced amplitude in a 40-Hz AM 2 kHz sound of 1-s
duration has been found to modify temporal population activity expressed in the primary auditory cortex.
This effect is expressed as an advance in the phase of
THE !332 WHICH REmECTS A REDUCTION IN THE TIME DELAY
between the 40-Hz response and stimulus waveforms
(see Fig. 13.4b). The phase advance is a robust phenomenon that consolidates after 24–72 h, increases
with continued training, relates perceptual performance, and does not require explicit behavioral training for its appearance [48= !332 AMPLITUDE IS ALSO
increased by auditory training, implying more neurons
depolarizing synchronously to represent the trained
sound [48= (OWEVER THE TRAINING EFFECT ON !332
amplitude lags that on phase, does not correlate well
with perception, and is not observed when multiple
sound frequencies are presented during training [49].
These results are from individuals with normal
hearing who were studied in order to discover rules
that guide remodeling in the human brain. What happens
when individuals with tinnitus are trained? The
answer to this question is presently not well established.
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Fig. 13.4 Effects of auditory training on auditory-evoked potentials. (a 2ESPONSE EVOKED BY A  K(Z TONE AMPLITUDE MODULATED
AT  (Z !332  4HE STIMULUS WAVEFORM AND THE RESPONSE WAVEform recorded at electrode Cz are shown, together with the bipolar
scalp topography (128 sensors). In inverse modeling, the cortical
GENERATORS FOR AN !332 EVOKED BY A CARRIER FREQUENCY OF   (Z
LOCALIZED MEDIAL TO THOSE FOR AN !332 EVOKED BY A CARRIER
frequency of 250 Hz, in the region of primary auditory cortex.
(b) Compass plots showing the amplitude (vector length) and phase
VECTOR ANGLE OF THE !332 AT EACH OF  SENSORS BEFORE left
panel) and after (right panel) seven sessions of acoustic training.
Individuals with normal hearing who did not have tinnitus (n = 9)
were trained to detect a single 40-Hz AM pulse of enhanced

amplitude in a stimulus of 1-s duration (carrier frequency 2 kHz).
A phase shift of 23° was observed (p < 0.001, advance of the
response waveform toward the stimulus waveform), but the amplitude enhancement did not reach signiﬁcance. (c) Upper panel:
The phase shift (over seven sessions of training) did not reach
signiﬁcance in the participants who had tinnitus (p = 0.44) but was
present in their age-matched controls (p = 0.006). In both groups,
the carrier frequency was 5 kHz (in the tinnitus frequency region
of the individuals with tinnitus). Negative values indicate a shift of
!332 PHASE TOWARD THE STIMULUS WAVEFORM Lower panel: The P2
transient-evoked response (latency ~180 ms) increased with training in both groups, suggesting that secondary auditory areas are
remodeled normally in individuals who have tinnitus (cf. [49])

In a preliminary study [20], we found that while a
group of control participants age matched to a tinnitus
group showed the expected phase advance when
trained on a 5-kHz 40-Hz AM sound (n = 11, p = 0.006),
only two of eight participants with tinnitus did so,
resulting in a nonsigniﬁcant group effect overall
(p = 0.44, see Fig. 13.4c, upper panel). It is possible
that synchronous neural activity underlying tinnitus may
have obstructed or reset training effects in the primary
auditory cortex of the participants who had tinnitus
(5 kHz was chosen for study because it is in the tinnitus
frequency range). However, remodeling of secondary
auditory cortical areas appeared to be normal in those

who had tinnitus. The P2 (latency ~180 ms) auditoryevoked potential, which localizes to cortical sources in
this region and is known to be highly plastic [49],
showed a normal enhancement in both groups after
auditory training (Fig. 13.4c, lower panel). Several other
long latency (>100 ms) auditory evoked potentials
localizing to secondary cortex or beyond are known to
increase with acoustic training in the laboratory in normal hearing individuals (in order of increasing latency:
N1 [50], N1c [49], Ta [51], P2 [47–49, 52], N2 [53],
MMN [54]), or to be enhanced for musical sounds
in trained musicians (N1c [55], P2 [55–57], anterior
frontotemporal sources [58], induced frontotemporal
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gamma oscillations [59]). These evoked potentials reveal
a distributed neural system for auditory (and perhaps
other) learning in the human brain that may overlap with
neural structures involved in tinnitus. However, the
behavior of the responses during acoustic training in
tinnitus is unknown.
Most studies of human auditory learning have
employed active training procedures in which adults
attended to and processed the sound stimuli while
making discriminative decisions. However, there is
growing evidence that remodeling of equal magnitude
occurs when the sounds are presented as background
cues, even when individuals are engaged in watching
a subtitled ﬁlm and have no knowledge of auditory
task structure [47, 48, 60= 4HE !332 AND 0 EFFECTS
described above were remodeled equally by active
training, compared to when the auditory stimuli were
presented passively as background sounds to individuals with normal hearing [48]. Animals housed in distinctive sound environments with no processing
demands also display signiﬁcant auditory remodeling,
even in adulthood [37, 38]. A working hypothesis
based on animal data is that these effects are produced
by a rescaling of neuron input/output transfer functions in subcortical auditory structures by fundamental mechanisms that are stimulus driven and expressed
in the auditory cortex throughout the lifespan. Explicit
auditory training may produce additional changes
mediated by attention, but this more mature mechanism is not a prerequisite for remodeling. The fact that
auditory representations are modiﬁed by passive as
well as active exposure could be good news for tinnitus, to the extent that arduous training regimens may
be avoided.

Overview and Conclusion
Animal research in the last two decades has established
that neural plasticity is a fundamental property of
neurons in the auditory system. Evidence has also
accumulated that hearing loss leads to changes in
central auditory pathways, including tonotopic map
reorganization and increased neuron ﬁring rates in
primary auditory cortex that may be forged by neuroplastic mechanisms into abnormal synchronous network
behavior that generates tinnitus. In this Chapter, I
have summarized physiological, psychoacoustic, and
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brain imaging evidence pointing to a role for neural
synchrony in tinnitus.
Also reviewed were results from animal research
indicating that cortical representations for sound in the
primary auditory cortex are not ﬁxed after early development as was once believed, but can be modiﬁed by
auditory training well into adulthood. The ﬁndings have
spawned renewed research into the question of whether
tinnitus can be reduced or eliminated by acoustic training designed to normalize aberrant auditory neural representations. For this goal to be achieved, it must be
possible to modify auditory representations by acoustic
training in individuals with tinnitus, and the neural modiﬁcations induced by training must intersect with tinnitus mechanisms. Preliminary research suggests that
areas of secondary auditory cortex remodel normally in
individuals with tinnitus compared to normal controls,
although whether this is true of the primary auditory
cortex requires further study.
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