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Abstract

Chronic tinnitus is often accompanied by a hearing impairment, but it is still unknown whether hearing loss can actually cause tinni-
tus. The association between the pitch of the tinnitus sensation and the audiogram edge in patients with high-frequency hearing loss sug-
gests a functional relation, but a large fraction of patients with hearing loss does not present symptoms of tinnitus. We therefore,
investigated how the occurrence of tinnitus is related to the shape of the audiogram. We analyzed a sample where all patients had noise-
induced hearing loss, containing 30 patients without tinnitus, 24 patients with tone-like tinnitus, and 17 patients with noise-like tinnitus.
All patients had moderate to severe high-frequency hearing loss, and only minor to moderate hearing loss at low frequencies. We found
that tinnitus patients had less overall hearing loss than patients without tinnitus. Moreover, the maximum steepness of the audiogram was
higher in patients with tinnitus (¡52.9§ 1.9 dB/octave) compared to patients without tinnitus (¡43.1§ 2.4 dB/octave). DiVerences in
overall hearing loss and maximum steepness between tone-like and noise-like tinnitus were not signiWcant. For tone-like tinnitus, there
was a clear association between the tinnitus pitch and the edge of the audiogram, with tinnitus pitch being on average 1.48§ 0.12 octaves
above the audiogram edge frequency, and 0.81§ 0.1 octaves above the frequency with the steepest slope. Our results suggest that the
occurrence of tinnitus is promoted by a steep audiogram slope. A steep slope leads to abrupt discontinuities in the activity along the tono-
topic axis of the auditory system, which could be misinterpreted as sound.
©  2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hearing loss is a risk factor for tinnitus (Chung et al.,
1984; Sindhusake et al., 2003, 2004), and even tinnitus
patients with normal audiograms might have restricted
cochlear damage (Shiomi et al., 1997; Weisz et al., 2005) or
hearing loss at frequencies above 8 kHz, which is not
detected by normal clinical audiometry (Roberts et al.,
2006). The tinnitus sensation and the frequency range of
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hearing loss are related: when subjects match their tinnitus
pitch to a pure tone, most of the matches are at frequencies
at which hearing is impaired (Henry et al., 1999); when sub-
jects are asked to judge the contribution of comparison
tones to their tinnitus sensation, the resulting tinnitus spec-
tra span wide frequency ranges that correspond to the fre-
quencies where hearing loss is present (Noreña et al., 2002).
However, not all patients with hearing loss develop tinni-
tus, as demonstrated by the higher prevalence of hearing
loss compared to tinnitus (Lockwood et al., 2002). It is
therefore unclear, which factors of hearing loss contribute
to the occurrence of tinnitus.

Tinnitus is believed to arise from alterations in the spon-
taneous activity of neurons in the auditory system (see, e.g.,
Eggermont, 2003). In animals, hearing loss through
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cochlear damage reduces the spontaneous Wring rate in the
aVected auditory nerve Wbers (Liberman and Dodds, 1984).
This reduction can cause discontinuities in the proWle of
spontaneous activity along the tonotopic axis in the audi-
tory pathway. Modeling studies suggest that such disconti-
nuities could be exaggerated by lateral inhibition (Gerken,
1996) and homeostatic changes (Schaette and Kempter,
2006), leading to activity patterns in the models that are
consistent with tone-like tinnitus.

Such concepts suggest that the development of tinnitus
depends on the course of the audiogram, in that some
audiogram shapes are more likely to lead to tinnitus than
others. To investigate this hypothesis, we analyzed a sample
of patients that all had noise-induced hearing loss from
chronic noise exposure in the workplace. This choice of
subjects eliminates possible confounding factors that could
arise from mixed etiologies of hearing loss. Moreover, none
of the patients used a hearing aid at the time of examina-
tion.

2. Methods

We performed a retrospective study on data from com-
pensation claimants that had been sent to our clinic for
evaluation work-related noise-induced hearing loss from
1993 to 2003. The sample consisted of 71 adults (mean age
56 years; range 38–69 years; all males). The subjects were in
good general health and reported an unremarkable history
of otological diseases or exposure to ototoxic drugs.

All patients had moderate to severe noise-induced hear-
ing loss caused by chronic noise exposure in the workplace.
There were 30 subjects without tinnitus, 24 subjects with
tone-like tinnitus, and 17 subjects with noise-like tinnitus.
The three groups did not diVer signiWcantly in age (no tinni-
tus: 56.6§1.1 years; tone-like tinnitus 55.0§1.4 years;
noise-like tinnitus 56.3§1.6 years). For subjects with tinni-
tus, the mean reported duration of hearing loss was 10.2§
1.24 years, and for subjects without tinnitus 11.67§1.86
years (diVerence not signiWcant, pD0.50, t-test). All tinnitus
subjects had experienced their tinnitus for more than one
year, with a mean reported duration of 8.83§1.33 years.
The duration of tinnitus experience was not signiWcantly
diVerent from the duration of hearing loss (pD0.47, t-test).
We note that the duration of hearing loss and tinnitus could
not always be reliably determined, as noise-induced hearing
loss is slowly progressing, and tinnitus often develops from
occasional episodes to a permanent sensation.

All tinnitus patients had chronic bilateral tinnitus, i.e.,
tinnitus was a permanent sensation, was perceived in both
ears with similar pitch, and had persisted for at least one
year. We chose to exclude patients with unilateral tinnitus
to eliminate possible confounding factors that could arise
from assigning the two ears of a single patient to two diVer-
ent groups in the analysis. Moreover, unilateral tinnitus
might be diVerent from bilateral tinnitus, as it is often asso-
ciated with a diVerence in hearing level between the ears
(Chung et al., 1984; Ochi et al., 2003). We also excluded
patients using a hearing aid, as hearing aids can reduce tin-
nitus (Surr et al., 1999; Folmer and Carroll, 2006) and are
used in tinnitus therapy (JastreboV and JastreboV, 2000).

2.1. Audiological examination

A total of 142 ears (71 right, 71 left) were used in further
analysis. Inclusion criteria were (1) no signiWcant air-bone
gap at seven test frequencies (0.25, 0.5, 1, 2, 4, 6 and 8 kHz);
(2) normal middle ear status with type A tympanograms
and a well-deWned compliance maximum not less than
¡100 daPa; (3) normal otoscopic Wndings; and (4) not using
a hearing aid. Pure-tone audiometry was performed with a
clinical audiometer calibrated to accepted standards
(American National Standards Institute. SpeciWcations for
audiometers, S3.6. New York; American National Stan-
dards Institute, 1969). Tympanometric measurements were
obtained with a middle-ear analyzer calibrated daily
according to the manufacturer’s instructions.

2.2. Tinnitus matching

For patients with tone-like tinnitus, the tinnitus fre-
quency was determined with two diVerent psychophysical
procedures in the ear ipsilateral to the tinnitus: an adaptive
method (bracketing) and the method of adjustment. Each
procedure involved equating the pitch of a pure tone (0.125,
0.25, 0.5, 0.75, 1, 2, 3, 4, 6 and 8 kHz) to the most prominent
tinnitus pitch. There was no statistically signiWcant diVer-
ence for the means and standard deviations among the
diVerent methods for the group data. Because some
patients were unreliable in their pitch matching, we
repeated the match up to seven times.

2.3. Characterization of the shape of the audiogram

To obtain a measure of the overall amount of hearing
loss of a patient we used the area under the audiogram
curve. Therefore, the audiogram frequencies were con-
verted to a logarithmic scale, and the resulting audiogram
was interpolated linearly between the measured points.
Then we calculated the integral from 0.125 to 8 kHz to
obtain the area under the audiogram curve.

Audiogram slopes were computed as follows: for each
adjacent two frequencies in an audiogram, the diVerence in
dB hearing level was calculated and then divided by the fre-
quency diVerence measured in octaves. This procedure
yields the steepness in dB/octave. The steepness value was
then assigned to the geometric mean of the two frequencies
to construct derivative audiograms.

Audiogram edges were detected in a two-step process.
First we determined the frequency range where hearing
levels had not dropped more than 20 dB below the best
hearing level observed in the audiogram. In this range, we
looked for a maximum of the second derivative of the
audiogram (computed from the derivative audiogram
using the method described above) to identify the audio-
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gram edge. If no edge could be identiWed in that way, the
highest frequency that still met the 20 dB hearing level
criterion was said to be the audiogram edge. To compute
the mean audiogram edge across individuals, edge fre-
quencies were Wrst converted to a logarithmic scale, and
then averaged.

2.4. SigniWcance tests

Unpaired two-sample t-tests were used to determine
whether diVerences were signiWcant. We used a signiWcance
level of �D 0.05. Whenever more than one test was carried
out on a data set, a Bonferroni correction was applied to
adjust the signiWcance level (�D0.05/n for n tests).

All data analysis was carried out using MATLAB 7 (The
MathWorks Inc., Natick, Massachusetts).

3. Results

To reveal features of audiograms that promote the
occurrence of tinnitus we analyzed data from 71 patients
with noise-induced hearing loss. Thirty patients had no tin-
nitus, 24 patients had tone-like tinnitus, and 17 patients had
noise-like tinnitus. When patients with tone-like tinnitus
were asked to match pure tones (0.125, 0.25, 0.5, 0.75, 1, 2, 3,
4, 6, or 8 kHz) to the dominant pitch of their tinnitus sensa-
tion, tinnitus pitch was generally matched to frequencies
above the audiogram edge (see Section 2) where hearing is
impaired (Fig. 1a and b). On average, tinnitus pitch was
1.48§0.12 octaves above the audiogram edge, and there
was a weak but signiWcant correlation between edge fre-
quency and tinnitus pitch (rD0.30, pD 0.04).

To further examine the relation between tinnitus pitch
and hearing loss, we grouped the patients by tinnitus pitch
(63 kHz, 4 kHz, 76 kHz) and calculated the mean audio-
gram as well as the mean audiogram edge frequency for
each group. We also determined the overall amount of
hearing loss as quantiWed by the area under the audiogram
curve for each ear (see Section 2), and then computed the
mean overall hearing loss for each group. As can be seen in
Fig. 1c and d, patients with a tinnitus pitch 63 kHz had the
worst hearing and the lowest audiogram edge frequency,
whereas those with a pitch 76 kHz had the best hearing
and the highest audiogram edge frequency, and the 4 kHz
group was intermediate. SigniWcant diVerences were
observed between the groups “63 kHz” and “76 kHz’ for
the average edge frequency (pD0.005, t-test) and the overall
amount of hearing loss (pD0.006, t-test), whereas diVerences
Fig. 1. Association between tinnitus pitch, audiogram edge, and overall amount of hearing loss. (a) Audiograms (thin lines) of 24 patients with tone-like
tinnitus, mean audiogram (thick line), and distribution of tinnitus pitch (bars). Tinnitus pitch is located predominantly at frequencies above the mean
audiogram edge (arrow) where hearing is impaired. (b) Tinnitus pitch vs. audiogram edge frequency. The gray level of each point denotes the number of
ears with the corresponding combination of edge frequency and tinnitus pitch. (c,d) Mean audiograms (lines in c) and audiogram edges (arrows in c) and
overall amount of hearing loss (d) of patients grouped by tinnitus pitch (63 kHz, 4 kHz, 76 kHz). The groups with a tinnitus pitch of 63 kHz (black) and
76 kHz (light gray) signiWcantly diVered in their overall amount of hearing loss. Error bars denote §1 s.e.m.
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between the groups “63 kHz” and “4 kHz”, as well as
between the groups “4 kHz” and “76 kHz” failed to
achieve signiWcance.

The observed relation between tinnitus pitch and the
amount and frequency-range of hearing loss suggested that
the occurrence of tinnitus could depend on the severity of
hearing impairment. We therefore, compared the overall
amount of hearing loss of subjects with and without tinni-
tus. Surprisingly, we found that hearing-impaired patients
with tinnitus (tone-like and noise-like) on average had less
hearing loss than those without tinnitus (Fig. 2a), and the
diVerence was highly signiWcant (pD6£10¡4, t-test). The
diVerence within the tinnitus group (tone-like tinnitus vs.
noise-like tinnitus), on the other hand, was not signiWcant
(pD0.26, t-test, Fig. 2b). Similarly, we found that tinnitus
patients and subjects without tinnitus diVered in the loca-
tion of the mean audiogram edge. Patients with tinnitus
had an average edge frequency of 1.31 kHz§ 0.09 octaves,
whereas patients without tinnitus had a mean edge fre-
quency of 0.82 kHz§0.12 octaves. This diVerence was
highly signiWcant, too (pD 7£ 10¡6, t-test). When the tinni-
tus-group was subdivided into tone-like and noise-like tin-
nitus, we obtained a mean edge of 1.47 kHz§0.1 octaves
for tone-like tinnitus, and 1.11§ 0.12 octaves for noise-like
tinnitus. The diVerence between the two groups just failed
to achieve signiWcance (pD 0.03, t-test) because of the Bon-
ferroni correction.

The mean audiograms in Fig. 2c show that, on average,
subjects with and without tinnitus had similar hearing lev-
els at the lowest and the highest frequencies, whereas the
course of the audiograms at intermediate frequencies was
diVerent. To quantify the course of the audiograms at inter-
mediate frequencies we determined the maximum steepness
for each audiogram (see Section 2). This analysis revealed
that tinnitus patients tended to have steeper audiogram
slopes than subjects without tinnitus. Subjects without tin-
nitus had a mean maximum steepness of ¡43.1§2.4 dB/
octave, whereas patients with tinnitus had a mean maxi-
mum steepness of ¡52.9§1.9 dB/octave (Fig. 2d). The
diVerence in mean maximum steepness between patients
with and without tinnitus was signiWcant (pD0.002, t-test).
After subdividing the tinnitus group, we obtained a mean
maximum steepness of ¡53.4§2.5 dB/octave for tone-like
tinnitus, and ¡52.2§ 3.1 dB/octave for noise-like tinnitus
(Fig. 2e). This diVerence was not signiWcant (pD0.91, t-test).
For tone-like tinnitus, the tinnitus pitch was on average
0.81§ 0.1 octaves above the frequency of the steepest slope
of the audiogram. Moreover, there was a signiWcant corre-
lation between tinnitus pitch and the frequency of the
steepest slope of the audiogram (rD 0.33, pD0.022).
Fig. 2. Audiometric diVerences between hearing-impaired patients with and without tinnitus. (a) Patients without tinnitus (n D 30) had signiWcantly more
overall hearing loss than patients with tinnitus (n D 41). (b) The mean overall hearing loss in patients with tone-like tinnitus (n D 24) and noise-like tinnitus
(n D 17) was not signiWcantly diVerent. (c) Mean audiograms (lines) and audiogram edge frequencies (arrows) of patients without tinnitus (black), with
noise-like tinnitus (dark gray), and with tone-like tinnitus (light gray). (d) Audiograms of patients with tinnitus had a signiWcantly higher mean maximum
steepness than those of patients without tinnitus. (e) The mean maximum steepness of the audiograms of patients with tone-like and noise-like tinnitus was
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4. Discussion

In this study, we analyzed a sample of patients with
moderate to severe noise-induced hearing loss due to
chronic noise-exposure in the workplace. We found that
patients with and without tinnitus signiWcantly diVered in
the course of their audiograms. On average, the patients
with tinnitus had less hearing loss, steeper maximum slopes
of their audiograms, and the edges of their audiograms
were located at higher frequencies compared to the patients
without tinnitus (Fig. 2). We did not Wnd signiWcant diVer-
ences in these parameters between tone-like and noise-like
tinnitus.

The relation in our patient sample between tinnitus pitch
and the frequency-range of hearing loss (Fig. 1a and b) is
consistent with results in earlier studies: tinnitus pitch is
predominantly matched to frequencies above the audio-
gram edge (Henry et al., 1999), and tinnitus spectra as mea-
sured by Noreña et al. (2002) and Roberts et al. (2006)
correspond to the frequency-range of hearing loss. A dis-
tributed spectrum of the tinnitus percept could also explain
why some of our subjects were unreliable in matching the
pitch of their tinnitus to pure tones, which has also been
observed in other studies (Burns, 1984).

The prevalence of tinnitus has been reported to increase
with increasing hearing loss in noise-exposed workers that
were routinely screened (Chung et al., 1984), whereas in
those claiming compensation for work-related hearing loss,
the tinnitus prevalence was approximately constant over a
wide range of hearing thresholds (McShane et al., 1988).
Moreover, Phoon et al. (1993) found that noise-exposed
workers with tinnitus had higher average hearing thresh-
olds than those without tinnitus, whereas we found that
subjects without tinnitus had more overall hearing loss
than subjects with tinnitus. These discrepancies could be
due to a diVerent choice of subjects and a diVerent inclusion
criterion for tinnitus. We only analyzed subjects with
chronic tinnitus experiencing a permanent tinnitus sensa-
tion, whereas other studies also included subjects with occa-
sional episodes of tinnitus. However, the inconsistent
results on the relation between tinnitus and hearing loss
could also indicate that hearing thresholds alone might be
insuYcient to predict the occurrence of tinnitus. We there-
fore also analyzed the shape of the audiogram. To quantify
the course of the audiogram, we chose the audiogram steep-
ness, as it is largely independent of the overall amount of
hearing loss. We could thus demonstrate that not only the
amount of hearing loss, but also the shape of the audio-
gram might be an important factor for the occurrence of
tinnitus. In our sample of patients, tinnitus was connected
to audiograms with a steep slope, the maximum steepness
of the audiograms of tinnitus subjects was signiWcantly
higher compared to subjects without tinnitus.

Psychophysical studies demonstrate that steeply sloping
hearing loss is associated with local improvements in fre-
quency discrimination thresholds (McDermott et al., 1998;
Thai-Van et al., 2002, 2003), which has been interpreted as a
correlate of cortical reorganization. Cortical reorganization
is believed to play a role in the development of tinnitus
(Rauschecker, 1999; Eggermont and Roberts, 2004). Inter-
estingly, only subjects with a hearing loss slope of more
than 50 dB/octave displayed a signiWcant improvement in
frequency discrimination (Thai-Van et al., 2002). This value
is close to the mean maximum steepness in our tinnitus
patients (¡52.9§1.9 dB/octave), and greater than the mean
maximum steepness of our subjects without tinnitus
(¡43.1§2.4 dB/octave, Fig. 2d).

Animal studies have found substantial cortical reorgani-
zation (Rajan and Irvine, 1998; Komiya and Eggermont,
2000; Seki and Eggermont, 2002; Noreña et al., 2003;
Noreña and Eggermont, 2005) and increased spontaneous
Wring rates of cortical neurons (Seki and Eggermont, 2002;
Noreña and Eggermont, 2006) after hearing loss. The earli-
est stage in the auditory pathway where increases in sponta-
neous activity after hearing loss have been observed is the
dorsal cochlear nucleus (Kaltenbach and McCaslin, 1996).
These increases in spontaneous Wring rate were correlated
to behavioral evidence for tinnitus (Brozoski et al., 2002;
Kaltenbach et al., 2004). Increased spontaneous Wring rates
developed in those parts of the dorsal cochlear nucleus that
received input from damaged parts of the cochlea (Kalten-
bach et al., 2002). Modeling studies indicate that the shape
of the proWle of increased spontaneous activity in the audi-
tory brainstem depends on the extent and type of cochlear
damage (Schaette and Kempter, 2006). For steep audio-
gram slopes, induced for example by damage to hair cell
stereocilia in the high-frequency range, this model predicts
steep, abrupt transitions in the spontaneous Wring rate of
neurons along a tonotopic axis in the central auditory sys-
tem. The strongest changes are observed at the transition
from good to impaired hearing, with spontaneous Wring
rates peaking in the region of hearing loss. This peak could
be misinterpreted by central auditory structures as a sound-
evoked pattern, leading to the perception of a sound. The
perceived pitch of this ‘model tinnitus’ would correspond to
frequencies above the audiogram edge.

As a future perspective, studies combining high-resolu-
tion audiometry, psychophysical procedures identifying
cochlear dead regions (Moore et al., 2000) and precise char-
acterization of the tinnitus percept would be desirable to
further elucidate the relation between tinnitus and hearing
loss. Detailed audiometric data from patients with and
without tinnitus would also provide a suitable basis for the-
oretical modeling studies on tinnitus development, which
could help to understand how hearing loss could lead to
tinnitus.
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