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Abstract

Tinnitus, the perception of noise in the absence of an external auditory stimulus, is common, frequently distressing and often intractable. It
is associated with a number of conditions including deafness but may arise spontaneously. Brain imaging studies indicate increased neuronal
excitability and decreased density of benzodiazepine receptors in temporal (auditory) cortex but the source and mechanism of such changes are
unknown. Various electroencephalographic (EEG) abnormalities involving temporal lobe and other brain areas have been described but recordings
have been limited to standard EEG wave bands up to frequencies of 22 Hz. This clinical study of otherwise healthy patients with intractable
unilateral tinnitus, using quantitative EEG power spectral mapping (QEEG), identified discrete localised unilateral foci of high frequency activity
in the gamma range (>40–80 Hz) over the auditory cortex in eight patients experiencing tinnitus during recording. These high frequency “hot
spots” were not present in 25 subjects without tinnitus. The results suggest that further EEG investigations should include recordings in the gamma
frequency range since such high frequency oscillations are believed to be necessary for perception. Identification of “hot spots” in tinnitus patients
would provide a means for monitoring the effects of new treatments. These findings may also provide a model for exploration of more complex
phenomena such as verbal and musical hallucinations.
© 2007 Elsevier Ireland Ltd. All rights reserved.
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Tinnitus is the sensory perception of noise in the absence of
an external auditory stimulus. It is common, often intractable
and frequently distressing. The perception may vary from a
single tone to hissing, whistling, mechanical or more complex
sounds. It may be unilateral or bilateral, constant or intermittent.
It may arise spontaneously or in association with several states
including drug ingestion or withdrawal, and chronic deafness.

The neurological basis of tinnitus is unclear although sev-
eral theories have been proposed. In the ‘phantom limb’ model,
decreased auditory input to the cortex because of deafness may
increase local excitability, leading to increased firing of cor-
tical auditory neurones [5] causing hallucinations of sound.
Imbalance of inhibition and excitation via gamma aminobutyric
acid (GABA) and glutamate influences in mediotemporal cortex
[12] or an ‘edge’ phenomenon occurring between two non-
synchronous areas of neural firing [9] have also been suggested.
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Decreased density of benzodiazepine receptors in the medial
temporal cortex in patients with tinnitus has been demonstrated
by single proton emission computed tomography (SPECT) and
proposed as a precipitant or correlate of tinnitus [4,15].

All these proposals imply localised increased neural activ-
ity in auditory cortical areas as a basis for tinnitus. Quantitative
EEG power spectral mapping (QEEG) is a simple and relatively
inexpensive method for measuring regional brain activity and
various EEG abnormalities in temporal lobe and other areas
have been described in tinnitus patients [13,14,19,20]. The find-
ings have been confusing, showing both increase and decrease
in average power, with opposite effects and different cortical
distributions in males and females. However, the recordings
have been confined to frequencies only up to 22 Hz. Yet in man
depth electrocortical EEG recordings indicate that auditory per-
ception induces gamma activity at >40–100 Hz [2,3], and such
high frequency gamma oscillations may be neural correlates of
perception and consciousness [7,16,18,22].

We hypothesised that, using QEEG, we would be able to
detect localised high frequency (>40 Hz) activity over audi-
tory cortical areas in subjects with tinnitus. Such discrete high
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frequency EEG foci have not been reported in this condition.
Secondly, if such foci were present, the technique would pro-
vide a means for testing and monitoring the effects of various
treatments for tinnitus. A third hypothesis was that tinnitus, by
definition an hallucination or phantom, might serve as a simple
model for investigating complex hallucinations that also reach
consciousness, and might show a similar pattern. Fourth, it was
anticipated that the results would shed light on an important
correlate of abnormal neuronal activity in tinnitus. To explore
these possibilities, we undertook a preliminary investigation of
patients with intractable unilateral tinnitus, recording regional
cortical activity at frequencies up to ∼80 Hz.

The tinnitus subjects were eight otherwise healthy patients
referred from the local Ear, Nose and Throat (ENT) clinic for
further investigation because of intractable tinnitus which had
been present for 2–44 years (Table 1). All were right handed
and had predominantly unilateral, left or right tinnitus. Struc-
tural brain imaging results (computerised tomography (CT) and
magnetic resonance imaging (MRI)) were normal and none were
taking centrally acting medications. On audiometry, six of the
eight subjects showed some degree of high frequency sensori-
neural deafness in one or both ears and had a past history of
ear infections but none had other known causes of tinnitus. The
perceived character of the tinnitus varied between patients and
included single high tone, low drumming, hissing, whistling,
siren-like and banging or clicking noises. The results were com-
pared with 25 normal subjects without tinnitus. These subjects
had not had audiometry, CT or MRI scans but were recorded
with the same technique and under similar conditions.

In four of the patients and 21 of the tinnitus-free subjects EEG
was recorded from 18 small silver/silver chloride disposable sur-
face electrodes with impedance below 3 K� located at F7, F3,
Fz, F4, F8, C3, Cz, C4, T7, T8, TP7, TP8, P3, Pz, P4, O1, O2, Nz,
all referred to linked mastoids. The EEG signals were amplified
using a Neuroscan Synamps system (Neurosoft Inc., Sterling,
VA, USA) and processed using SCAN 4.3 software. Ana-
logue to digital (A/D) conversion rate was 500 Hz. In a further
four patients and four tinnitus-free subjects, as new equipment
became available, recordings were made from 30 scalp elec-
trode sites using 32 Channel Quick-Cap electrode layout with
SINTERED silver chloride electrodes (Med-Tech Systems Ltd.,
West Sussex, UK). The results were processed using Synamps
2 and SCAN 4.3 software. Impedances were within acceptable
system limits; A/D conversion rate was 1000 Hz. Band pass fil-

ters for all subjects were 0.1 Hz high pass, 100 Hz low pass with
a 50 Hz notch filter. Brainmaps were constructed using the Neu-
roscan local (18 scalp electrodes) or global (30 scalp electrodes)
interpolation methods (Neuroscan 2003, Document 2203, Revi-
sion D). The local interpolation method uses the 1–4 nearest
electrodes by applying reciprocal distance weighting in the cal-
culation of brainmaps. The global interpolation method uses
all electrodes to calculate values at any given point [17]. The
influence of any electrode is affected by weighting functions.

The global interpolation function g(x,y) is

g(x, y) = w(x, y)TW−1v

where g(x,y) is the globally interpolated value at map coordi-
nates x and y. The column vector w(x,y) represents the inverse
distance squared weights of the map coordinates with respect to
electrode locations; W is a symmetric matrix of inter-electrode
inverse distance squared weights; and v is a column vector of
the actual potential measurements across all channels. The “T”
superscript denotes the transpose operation by which a column
vector of dimension n(v) multiplied by a square matrix of dimen-
sion n − by − n(W−1) multiplied by a row vector of dimension
n(w(x, y)T) yields a globally interpolated scalar potential value
(g(x,y)).

The ith component of the weights vector w(x,y) is given by

wi(x, y) = ((x − xi)
2 + (y − yi)

2 + a)
−1

where xi and yi are coordinates of the ith electrode, and a is a
positive constant added to avoid singularity in the expression
when x = xi and y = yi. In this implementation, a is set to the
average inter-electrode distance.

Each element of the symmetric matrix W is computed as

Wij = ((xi − xj)2 + (yi − yj)2 + a)
−1

where i and j index electrodes (Neuroscan 2003, Document
2203, Revision D).

The subjects were seated in an isolated sound-proofed room
connected with a recording room via a one-way glass window
and an intercom system. Hearing aids, if used, were removed.
Eye movements were minimised by asking the subjects to fix-
ate on a cross marked on a screen placed one metre in front of
them and eye movement compensation was derived from nasion
(Nz)/linked mastoid electrodes or VEOG (Nz = positive; linked
infra = negative). The records were visually inspected and any

Table 1
Summary of patient characteristics and EEG findings

Patient Sex (M, F) Age (years) Deafness Tinnitus (side/type) High frequency EEG focus (ipselateral/contralateral
to side of tinnitus)

1 M 62 R > L R hissing R Ipselateral
2 M 67 None L clicking R Contralateral
3 M 71 L L hissing + rattle R Contralateral
4 F 41 None L high tone L Ipselateral
5 F 68 L L buzz R Contralateral
6 M 57 L > R L buzz L Ipselateral
7 F 53 L L drumming L Ipselateral
8 M 33 L > R L buzz L Ipselateral
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section still contaminated with eye movement or other artefacts
was excluded from analysis. The EEG was recorded continu-
ously for 3 min each with eyes open and eyes closed. Sixty to
ninety 2 s artefact-free epochs were subjected to Fast Fourier
analysis at each electrode site and averaged in each condition and
over a frequency range of 1–∼80 Hz and plotted using SCAN
4.3.

In all eight patients who experienced tinnitus during EEG
recording, the QEEG map showed a unilateral, left or right,
localised focus of high frequency activity over the temporal lobe
auditory cortex. The average frequency of the focus was greater
than 30 Hz, extending to over 80 Hz and maximal at around
60 Hz. Examples of such localised activity in two patients are
shown in Figs. 1 and 2, and the results for all patients in Table 1.
Activity in the standard EEG bands (delta 0.5–3.9 Hz, theta
4.0–7.9 Hz, alpha 8.0–14.0 Hz, beta 1 and beta 2 14.1–35 Hz)
was normal in amplitude, power, and distribution in all patients
with no evidence of localised increased power/frequency except
occasionally in the beta 2 range. The average power in the
localised high frequency areas was between 0.5 and 2 �V2/Hz.
The high frequency focus was ipselateral to the perceived tinni-
tus in five patients but contralateral in three. Foci were present in
both the eyes closed and eyes open conditions in most subjects

but were more prominent with eyes open in some. In the tinnitus-
free subjects there was no evidence of any high frequency
focus.

These results show that all subjects with tinnitus showed a
unilateral localised area of high frequency (30–80 Hz, maxi-
mum ∼ 60 Hz) activity over the temporal lobe auditory cortex.
The picture was similar despite individual disparities in the
described nature of the tinnitus, presence or degree of deafness,
age or sex, and was not present in tinnitus-free subjects. Such
“hot spots” of high frequency localised temporal lobe foci have
not been described previously in patients with tinnitus.

These new observations open the way to further research
into tinnitus and to auditory (and other) hallucinations in gen-
eral. They appear to confirm our initial hypotheses that localised
areas of increased high frequency activity over auditory corti-
cal areas would be found in patients with tinnitus and that such
foci might be of use in testing and monitoring treatments for
this often intractable condition. They also suggest that tinnitus
may be a model for complex verbal or musical auditory halluci-
nations which sometimes merge with tinnitus. In addition, they
identify at least a cortical correlate of tinnitus, although finding
the source of the increased cortical activity may require further
investigation, since EEG measurements cannot reflect activity

Fig. 1. Brain map of patient with left sided tinnitus showing right sided (contralateral) high frequency temporal lobe focus plotted at approximately 2.4 Hz intervals.
Scale shows power (�V2/Hz).
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Fig. 2. Brain map of patient with left sided tinnitus showing left sided (ipselateral) high frequency temporal lobe focus plotted at approximately 2 Hz intervals (frontal
activity probably due to muscle activity). Scale shows power (�V2/Hz).

in subcortical sources. It is likely that magnetoencephalogra-
phy (MEG) would reveal activity in subcortical brain areas that
are responsible for the observed cortical hyperactivity. Further-
more, the spatial resolution of EEG recordings is limited and to
define the exact areas of auditory cortex involved, whether pri-
mary and/or association areas, would require further study using
a larger array of scalp electrodes or with MEG and possibly
electrocortical EEG recording.

Although our results are consistent with the various theories
of tinnitus outlined in the introduction, they do not define the
underlying mechanisms. However, they raise intriguing further
questions. One of these is the question of laterality. In five of
our patients the focus of fast temporal lobe activity was ipselat-
eral to the perceived tinnitus, while in three it was contralateral.
Our results give no explanation for these differences: there were
no clear clinical differences between subjects with ipselateral or
contralateral “hot spots”. Since the projection pathways from the
cochlear nerve to the auditory cortex are predominantly crossed,
the focus of increased activity might be expected to be on the
opposite side to the perceived tinnitus. However, the decussa-
tion is incomplete and the extent may vary between individuals
and with ageing [23]. The location of the fast activity focus

may also vary with the source of the tinnitus: if the source is
external to the cochlear nerve, the focus would be expected to
be contralateral, but if the generator was in the auditory cortex
itself the tinnitus might be perceived on the same side. It may
be of note that tinnitus often persists even when input from the
ear is removed by section of the auditory nerve [5]. Also, some
cases of tinnitus may be due to more than one coexisting abnor-
mality and the perception of the site of tinnitus may be false
or arbitrary. Asymmetries of activation in the inferior colliculus
have been noted during acoustic stimulation in a functional mag-
netic resonance imaging (fMRI) study [10]. Four right handed
subjects with normal hearing and unilateral right sided tinni-
tus showed increased activation on the right side (ipselateral to
the tinnitus) on binaural and left sided acoustic stimulation but
increased activation on the left (contralateral) side on right aural
stimulation.

Another perplexing finding was that audiograms showed that
two subjects had similar degrees of deafness in both ears or nor-
mal hearing but the perceived tinnitus and the focus of activity
was unilateral. This observation raises the question of hemi-
spheric dominance; is one auditory cortex more specialised for
perceiving or interpreting sounds than the other? We have been
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able to find no clues in the tinnitus literature concerning later-
ality and EEG activity; most studies have consisted of subjects
with severe bilateral tinnitus. However, it has been suggested
in an MEG study [22] that dominance of ∼55 Hz activity in
the right or left hemisphere determines the laterality of tinnitus
perception.

The question of cerebral dominance also raises the question
of how tinnitus merges with complex auditory hallucinations.
A large number of brain imaging studies, comprehensively
reviewed by Weiss and Hecker [21], show that, like tinnitus,
verbal hallucinations are associated with sensory modality-
specific activation of brain areas involved in normal sensory
processing. Thus SPECT imaging measurements in patients
experiencing verbal hallucinations have shown increased activ-
ity in left superior temporal lobe and Broca’s area, regions
corresponding to primary and secondary auditory cortex and
language centres. Investigations using functional magnetic
resonance imaging (fMRI) have given similar results. One
study [1], using positron emission tomography (PET) reported
decreased activity in both posterior superior temporal lobes,
right Broca’s homologue and right primary auditory cortex.
These results appear somewhat complex and mixed but the
patients included subjects with schizophrenia and alcoholism
and those taking neuroleptic drugs. Furthermore, verbal hal-
lucinations presumably require processing in a larger number
of brain areas than does tinnitus, and are rarely experienced
unilaterally.

Descriptions of musical hallucinations have mostly been
limited to single case studies. EEG abnormalities in tem-
poral lobe regions have been described [6,11]. The results
from one psychiatrically normal right handed patient with nor-
mal hearing and normal CT and MRI findings were reported
by Kasai et al. [8]. SPECT studies in this patient showed
increased cerebral blood flow in right superior and inferior tem-
poral gyri when hallucinations were present but not in their
absence. MEG showed increased activity in right auditory asso-
ciation cortex during hallucinations but not when they were
absent. The authors note that, while verbal stimuli activate pre-
dominantly left sided auditory association areas, non-verbal
(musical) stimuli activate the same region with right sided
predominance. Thus the right auditory cortex appears to be
a focus for musical hallucinations. Such hallucinations are
clearly more complex than tinnitus which, from our study, seems
capable of activating both left temporal (as in verbal halluci-
nations) or right temporal (as in musical hallucinations) brain
areas.

In conclusion, this small study reports our findings, using
QEEG brain mapping, that localised foci of high frequency
activity in the gamma range (>40–80 Hz) over temporal cortex
areas may be found in patients with central tinnitus. This study
indicates that future EEG investigations of tinnitus, which have
so far been confined to recording activity at lower frequencies
(up to 22 Hz) in the standard delta to beta wave bands, should
now include regional recording of high frequency activity over
the gamma range which is believed to be necessary for percep-
tion and consciousness. It suggests that the technique could be
extended to include investigation of verbal and musical halluci-

nations and also to visual hallucinations, in which similar foci
may perhaps be found in occipital visual areas. EEG recordings
have the advantage of simplicity, cause little inconvenience to
subjects, and are much cheaper than MEG or fMRI techniques
(fMRI has the added disadvantage of producing noise during
recording, which may be inappropriate for patients with tinni-
tus). However, this investigation suggests further studies using
MEG may be indicated to elucidate deeper sources of tinnito-
genesis. Future EEG research in this laboratory, using a larger
sample of tinnitus patients and controls, is planned to include
recording of evoked responses to auditory stimuli and continu-
ous noise and coherence mapping. We believe that the present
study adds to the potential for testing the effects of new treat-
ments for tinnitus, since present treatments are often inadequate,
and may eventually help to elucidate the sites and sources of
tinnitogenesis.
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