2356 • The Journal of Neuroscience, February 6, 2013 • 33(6):2356 –2364
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The Auditory Sensitivity is Increased in Tinnitus Ears
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Increased auditory sensitivity, also called hyperacusis, is a pervasive complaint of people with tinnitus. The high prevalence of hyperacusis in tinnitus subjects suggests that both symptoms have a common origin. It has been suggested that they may result from a
maladjusted increase of central gain attributable to sensory deafferentation. More specifically, tinnitus and hyperacusis could result from
an increase of spontaneous and stimulus-induced activity, respectively. One prediction of this hypothesis is that auditory sensitivity
should be increased in tinnitus compared with non-tinnitus subjects. The purpose of this study was to test this prediction by examining
the loudness functions in tinnitus ears (n ⫽ 124) compared with non-tinnitus human ears (n ⫽ 106). Because tinnitus is often accompanied by hearing loss and that hearing loss makes it difficult to disentangle hypersensitivity (hyperacusis) to loudness recruitment,
tinnitus and non-tinnitus ears were carefully matched for hearing loss. Our results show that auditory sensitivity is enhanced in tinnitus
subjects compared with non-tinnitus subjects, including subjects with normal audiograms. We interpreted these findings as compatible
with a maladaptive central gain in tinnitus.

Introduction
Loudness, the subjective perception of sound level, is one of the
major perceptual attributes of sounds. Although the relationship
between loudness and sound level is generally monotonic, the
details of the loudness function can vary depending on hearing
status or acoustic conditions. For instance, sensorineural hearing
loss is accompanied by “loudness recruitment,” namely steeper
than normal loudness functions in the vicinity of the elevated
thresholds (Moore et al., 1985; Stillman et al., 1993). In normal
hearing, it has been suggested recently that loudness functions
could be “plastic,” because auditory sensitivity could be rescaled
as a function of the mean level of auditory sensory inputs. In brief,
a reduction of sensory inputs would be associated with an increase of auditory sensitivity, whereas an enhancement of inputs
would be associated with a decrease of auditory sensitivity
(Formby et al., 2003; Munro and Blount, 2009). Moreover, hyperacusis, defined as a hypersensitivity to moderate sounds, can
be conceived as a “pathology” of loudness. Several studies have
reported high hyperacusis scores for tinnitus individuals when
using questionnaires (Hébert et al., 2004; Dauman and Bouscau-
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Faure, 2005; Hébert and Carrier, 2007; Fournier and Hébert,
2012). Discomfort loudness levels, i.e., the level at which a sound
is judged as too loud, have also been found as predictive of both
tinnitus prevalence and severity (Hébert et al., 2012) and more so
than hearing loss, indicating an intimate relationship between
tinnitus and sensitivity to sound. The high prevalence of hyperacusis in tinnitus individuals suggests a common origin of both
symptoms. In this context, hyperacusis and tinnitus have been
suggested to result from an increase of central gain: hearing loss,
by reducing sensory inputs, would lead to an increase of central
gain (Noreña and Chery-Croze, 2007; Noreña, 2011), even when
hearing loss is not detectable on the audiogram (Schaette and
McAlpine, 2011). An increase of central gain would amplify
spontaneous and stimulus-induced activity, which then could
lead to tinnitus and hyperacusis, respectively.
In the present study, we tested this hypothesis about a link
between tinnitus and an enhanced central gain by assessing the
loudness functions of individuals with tinnitus from a categorization task. We assumed that central gain could be estimated
through the characteristics of the loudness functions. More specifically, we hypothesized in ears of tinnitus individuals that
lower sound levels (in decibels) would be attributed to moderateto-loud sound categories compared with ears of controls without
tinnitus but with similar hearing loss.
In addition, hyperacusis should be behaviorally distinguishable
from loudness recruitment. In loudness recruitment, loudness
“catches up,” and sounds are judged as loud as sounds presented in a
normal ear regardless of the extent of the elevation of the hearing
thresholds (HTs) (Moore et al., 1985; Stillman et al., 1993). Therefore, in ears with various degrees of hearing loss without tinnitus,
loudness recruitment should be observable by merged loudness
curves at high sound levels, whereas loudness functions should remain parallel in tinnitus ears.
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Figure 1. Distribution (top) and cumulative distribution (bottom) of auditory sensitivity scores obtained from the Khalfa
questionnaire. Nearly 80% of control participants (white squares) present a score below 10, whereas the percentage is 40% in the
tinnitus group (black squares), indicating that auditory sensitivity is enhanced in tinnitus participants.
Table 1. Mean absolute thresholds in dB HL for 1 and 4 kHz/edge frequency for the
tinnitus and control ears in each hearing-loss category
Mean thresholds for 1 kHz
Classification
1 kHz
0, Normal hearing (⫺10 to 15 dB HL)
1, Slight hearing loss (16 –25 dB HL)
2, Mild hearing loss (26 – 40 dB HL)
3, Moderate-to-profound hearing loss (⬎56 dB HL)
Total number of ears
4 kHz
0, Normal hearing (⫺10 to 15 dB HL)
1, Slight hearing loss (16 –25 dB HL)
2, Mild hearing loss (26 – 40 dB HL)
3, Moderate-to-profound hearing loss (⬎56 dB HL)
Total number of ears

Tinnitus
ears (n)

Control
ears (n)

p
value

8 (75)
20 (23)
34 (12)
54 (14)
124

7 (73)
19 (14)
34 (7)
50 (12)
106

0.30
0.35
0.85
0.09

3 (44)
20 (22)
31 (22)
63 (38)
126

2 (46)
20 (24)
31 (17)
66 (19)
106

0.84
0.79
0.94
0.51

Materials and Methods
Participants

Tinnitus participants were 63 adults (24 women), with a mean ⫾ SD age
of 54 ⫾ 16 years, and a mean ⫾ SD education level of 15 ⫾ 3 years.
Control participants without tinnitus were 53 adults (29 women), with a
mean ⫾ SD age of 52 ⫾ 17 years and a mean ⫾ SD education level of 16 ⫾
4 years. The two groups did not differ in age or education level (both t ⬍
1 by independent t tests). Tinnitus and control participants differed with
respect to their hyperacusis scores as assessed psychometrically (Khalfa et
al., 2002), with mean ⫾ SD scores of 18.5 ⫾ 10.0 and 9.2 ⫾ 7.4 for the two
groups, respectively (t(114) ⫽ ⫺5.62, p ⬍ 0.001).
To assess the profile of hearing loss in the tinnitus and control groups,
each participant’s ear was classified into one of four hearing-loss category
according to its own detection threshold [in decibels hearing level (dB HL)
converted from decibels sound pressure level (dB SPL)] at 1 and 4 kHz/edge
frequency separately (see procedure below): 0, normal hearing (⫺10 to 15
dB HL); 1, slight hearing loss (16 –25 dB HL); 2, mild hearing loss (26 – 40 dB
HL); 3, moderate hearing loss (41–55 dB HL); and 4, moderately severe,
severe, or profound hearing loss (⬎56 dB HL) (Clark, 1981).
Therefore, one given ear could be classified into one category for 1 kHz
and into another category for 4 kHz. Clark’s original categories 3 and 4
were merged because of the small number of control ears in the moderately severe, severe, or profound hearing loss at 1 kHz (n ⫽ 1). Final
categories therefore went from 0 (normal hearing) to 3 (moderate-to-

profound hearing loss). Ears of tinnitus participants were considered as tinnitus ears even
when tinnitus was unilateral (n ⫽ 37) based on
the rationale that increased sensitivity is bilateral even when tinnitus is unilateral (as reported by Formby and Gold, 2002). In
addition, in our experience, participants reporting unilateral tinnitus often have bilateral
tinnitus, but one side is louder than the other
side and therefore tinnitus is perceived as coming only from the louder side. This is particularly striking when participants experience
residual inhibition of their tinnitus on the
louder side and they “discover” another tinnitus in their other ear. Because in this study we
did not measure tinnitus per se, we could not
be 100% sure that all of the participants could
accurately localize their tinnitus. In this context, both ears in subjects with unilateral tinnitus have been grouped. The total number of
ears was 126 from tinnitus participants and 106
from control participants without tinnitus, for
a total of 232 ears.

Tasks and apparatus

Hearing thresholds were measured in dB SPL
in half-octave frequency steps from 250 to 8000 Hz using an adaptive
procedure (⫺5, ⫹3, ⫺1, ⫹1). More specifically, an initial sound level
between 50 and 60 dB SPL (randomly selected) was presented. This level
was decreased by 5 dB steps until the sound was not heard anymore, then
increased by 3 dB steps until it was heard again, then decreased and
increased by 1 dB steps for eight more reversals. A total of nine reversals
were obtained, and the threshold was determined as the mean of the last
eight reversals. The procedure was repeated for each frequency using a
randomized order of presentation. The task was to signal whether or not
a sound was heard. A two-button response box was used.
Edge frequency thresholds were assessed for all participants with hearing loss (tinnitus and control). After the HTs were obtained for all frequencies, the program automatically scanned every two octave-related
frequencies and selected the frequency at the bottom edge of a slope of at
least 20 dB/octave. This frequency then became the central frequency
around which thresholds were assessed in 1⁄8 octave steps with the same
bracketing procedure as above. The edge frequency was the frequency at
the beginning of the slope and which differed from the next adjacent
frequency from at least 5 dB.
Discomfort thresholds (DTs) were measured in dB SPL for frequencies
1, 2, and 4 kHz or edge frequency by starting at a low sound level randomly selected between 50 and 60 dB SPL and increasing the level by 5 dB
steps. The task was to signal when the sound became uncomfortably
loud. A two-button response box was used. A maximum sound level of
115 dB SPL was presented, and this level was considered as the final
response if participants had not yet pressed the button.
Loudness growth in half-octave bands (Noreña and Chery-Croze,
2007), adapted from Allen et al. (1990), was measured in dB SPL for
frequencies 1 and 4 kHz (or edge frequency) at SPLs spanning the entire
dynamic range of each ear, i.e., between the previously determined HTs
and DTs, split into 15 equal level steps. Stimuli were presented six times
at each level in a pseudorandom order with the constraint of having no
more than the same sound levels twice in a row. The task was to categorize loudness into one of seven categories: (1) inaudible; (2) very soft; (3)
soft; (4) OK; (5) loud; (6) very loud; or (7) too loud. Category levels were
determined by averaging the attributions. For example, if the OK
category was attributed to levels 58 (first presentation), 39 (second
presentation), and 58 (third presentation), the resulting “OK” level
was (58 ⫹ 39 ⫹ 58)/3 ⫽ 52 dB SPL. Participants were not instructed
to use every possible category, and therefore some categories were not
used. A seven-button response box was used.
For all three tasks, stimuli were trains of pure tones of 300 ms each
separated by 300 ms of silence (20 ms rise and fall). The tasks were
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Procedure
Testing took place in a sound-attenuating
booth using Sennheiser HD265 headphones
calibrated with a Larson Davis sound level meter coupled with an artificial ear AEC101 and a
2559 model microphone. All participants were
tested on the HTs (edge frequency if applicable), DTs, and loudness growth tasks in this
order. Right and left ears were tested in a counterbalanced order across participants. The
whole testing session took ⬃2 h.
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Figure 3. Mean absolute thresholds and discomfort levels for tinnitus (black squares) and control (white squares) ears. Absolute
Loudness functions within ear groups. In thresholds are within normal range at all frequencies, but the dynamic range was lower at all tested frequencies in the tinnitus ears.
addition to the differences between ear
groups, univariate ANOVAs were run for
Edge frequencies
each ear group (tinnitus and control) and each frequency (1 and 4
The percentage of ears with an identifiable edge frequency was 33%
kHz/edge), with hearing-loss category (0 to 3) as the between-subject
in both groups. Edge frequencies for tinnitus (n ⫽ 42) and control
factor to assess whether functions would merge or stay parallel at high
(n ⫽ 35) ears did not differ from each other, with means of 2975 and
sound levels, i.e., to assess the presence of recruitment. Tukey’s post
2857 Hz, respectively (t ⬍ 1). When considering only edge frequenhoc comparisons were run to assess group differences.
cies with normal HTs (⬍15 dB HL), the percentage of identifiable
No correction for multiple comparisons was applied because groups of
edge frequencies dropped to ⬍15% of all ears in each group (tinnitus
ears (number of data points) could differ from one loudness category to
ears, n ⫽ 15; controls ears, n ⫽ 14). When merging ears with edge
another. Statistics were run with IBM SPSS 19.0.

Level (dB SPL)

Data analyses

Results
Hyperacusis questionnaire
Figure 1 shows the distribution (top) and the cumulative distribution (bottom) of auditory sensitivity score obtained from the
Khalfa questionnaire. Nearly 80% of control subjects present a
score below 10, whereas the percentage is 40% in the tinnitus
group, indicating that auditory sensitivity is enhanced in tinnitus
subjects.

frequency with ears for which thresholds were obtained at 4 kHz,
average frequencies were 3658 and 3623 Hz for tinnitus and control
ears, respectively (t ⬍ 1). Data for edge frequencies and 4 kHz were
collapsed given that the proportions of edge frequencies in both
groups were the same (33%) and that the mean frequency was close
to 4 kHz in each group.
Classification in hearing-loss categories
Table 1 displays the number of ears and mean HTs (in dB HL) of
the tinnitus and controls ears, separately for 1 and 4 kHz/edge
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Table 2. Slope values for tinnitus and control ears for all hearing-loss groups
1 kHz

Normal hearing
Tinnitus
Controls
Slight hearing loss
Tinnitus
Controls
Mild hearing loss
Tinnitus
Controls
Moderate-to-profound hearing loss
Tinnitus
Controls

Slope

SE

n

0.57
0.52

0.01
0.01

270
248

0.60
0.55

0.02
0.02

0.63
0.53
0.67
0.71

4 kHz
t value

p

Slope

SE

n

3.11

0.002

0.53
0.46

0.02
0.01

250
223

3.17

0.002

125
73

1.60

0.11

0.54
0.49

0.02
0.02

120
119

1.41

0.16

0.05
0.08

51
27

1.06

0.15

0.61
0.57

0.02
0.02

107
85

1.05

0.29

0.07
0.06

64
48

NS

0.59
0.59

0.04
0.07

170
88

⬍1

t value

⬍1

p

NS

trol and tinnitus groups are significantly
different at all three frequencies only in
the group in which the absolute thresholds were within normal range (Mann–
Whitney U test, p ⬍ 0.05, no correction
for multiple comparisons).
A reduced dynamic range (increased
sensitivity to sound) at a frequency when
no hearing loss is present could reflect
hearing loss at a different frequency. To
address this specific question, tinnitus and
control ears showing absolute thresholds
within normal range at all frequencies
(i.e., not exceeding 20 dB HL for frequencies 250 Hz to 8 kHz) were compared.
Each group was composed of 19 ears (12
of 19 ears were from six participants in the
tinnitus group). Figure 3 shows the absolute thresholds and the discomfort levels
for the two groups. On average, the dynamic range was lower at all tested frequencies in the tinnitus subjects, with
means of 84 versus 91, 87 versus 97, and
92 versus 101 for 1, 2, and 4 kHz, respectively, but the decrease was significantly
lower in the tinnitus ears at 2 kHz only
with p values of 0.10, 0.03, and 0.08, respectively (by independent t tests, no correction for multiple comparisons).
Figure 4. Averaged loudness functions obtained from tinnitus (black squares) and control (white squares) normal-hearing ears
This result suggests that an increase in
at 1 (A) and 4 kHz/edge (B).
auditory sensitivity is present in tinnitus
subjects, even when they have normal
thresholds over a broad frequency band.
frequency, after classification in each hearing-loss category. For 1
Assuming
that
an
increase
in auditory sensitivity results from
kHz, tinnitus ears had higher thresholds than control ears in
cochlear
lesions
(causing
a
decrease in afferent inputs and an
category 3 (moderate-to-profound hearing loss), with means of
increase of central gain), this result suggests that the audiogram
56.4 and 49.5 dB HL, respectively (t(26) ⫽ ⫺2.27, p ⫽ 0.03). Data
cannot detect these particular cochlear lesions. The study by
points exceeding 2 SDs from the mean of the two ear groups for 1
Kujawa and Liberman (2009) and Schaette and McAlpine (2011)
kHz were therefore excluded (n ⫽ 2 tinnitus ears). After correchave
shown why this would be the case (see Discussion).
tion, the resulting threshold difference was not significant, with
The question of whether or not there is an increase in sensimeans of 54.1 and 49.5 dB HL, respectively (t(24) ⫽ ⫺1.77, p ⫽
tivity in ears with an edge frequency for which the edge frequency
0.09). The outliers were not included in subsequent analyses.
threshold is within normal limits was also addressed. Discomfort
There were no other significant differences between thresholds at
levels of edge frequencies for which HTs were within normal
any of the hearing-loss categories for any of the two frequencies.
limits (⬍15 dB HL) were compared between tinnitus (n ⫽ 13)
and controls (n ⫽ 10) ears. Control and tinnitus ears were signifHTs and discomfort levels
icantly different (Mann–Whitney U ⫽ 30.5, p ⫽ 0.03, two-tailed
Figure 2 shows the dynamic range for the three frequencies tested
(1, 2, and 4 kHz) as a function of the hearing-loss category. Contest), with a mean of 98.5 and 86.5 dB SPL, respectively. The mean
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value of the edge frequency (tinnitus, 2993 Hz; controls, 3533 Hz)
did not differ between groups (t(21) ⫽ 1.0, p ⫽ 0.3).
Tinnitus ears with normal hearing display hyperacusis
Tinnitus and control ears with similar hearing levels were compared to assess whether hyperacusis could be shown in tinnitus
ears.
Normal-hearing ear groups
Averaged loudness functions with fitted regression lines obtained
from tinnitus and control ears at 1 and 4 kHz/edge for all hearingloss categories are presented in Table 2.
At 1 kHz for normal hearing, loudness functions of tinnitus
ears were significantly steeper than for control ears, with slopes of
0.57 and 0.52, respectively ( p ⫽ 0.002) (Table 2). t tests run
between categories revealed that differences were significant
from the soft level up to the too loud level, except for the very loud
level (Fig. 4A; Table 3).
At 4 kHz or edge frequency for normal hearing, loudness
functions of tinnitus ears were also significantly steeper than for
control ears, with slopes of 0.53 and 0.46, respectively ( p ⫽ 0.002)
(Fig. 5A; Table 2). t tests run between categories revealed that
differences were significant from the OK level up to the too loud
level (Fig. 4B; Table 3).

Table 3. Comparisons between loudness categories of normal-hearing tinnitus and
control ears at 1 and 4 kHz
1 kHz
4 kHz
Level (dB)
Inaudible
Tinnitus
Controls
Very soft
Tinnitus
Controls
Soft
Tinnitus
Controls
OK
Tinnitus
Controls
Loud
Tinnitus
Controls
Very loud
Tinnitus
Controls
Too loud
Tinnitus
Controls

t value

p

13
13

⬍1

NS

30
31

⬍1

Level (dB)

t value

p

6
2

⬍1

NS

NS

23
25

⬍1

NS

52
55

2.08

0.039

49
52

1.51

0.134

71
75

2.57

0.011

68
73

2.44

0.017

86
90

2.35

0.020

80
89

3.24

0.002

94
97

1.58

0.117

86
94

2.82

0.007

98
104

2.53

0.015

92
100

2.97

0.006

Other hearing-loss ear groups
For all of the other hearing-loss ear
groups, slopes were overall steeper for tinnitus compared with control ears (Fig.
5B), but the differences were not significant (Table 2). To note, sample sizes were
small at high sound levels.
Hyperacusis versus loudness
recruitment: within-ear
group differences
Figure 6 shows averaged loudness functions obtained from tinnitus and control
ears for each hearing-loss category (from
0 to 3) and each frequency. One can see at
a glance that, for both frequencies, but
more strikingly at 4 kHz/edge, loudness
curves in tinnitus ears remain essentially
parallel at high sound levels, whereas control ears display typical loudness recruitment curves. This was supported by
statistical analysis.
Tinnitus ears
At 1 kHz, level differences between hearingloss groups were significant for loudness
categories from inaudible to loud: inaudible, F(3,100) ⫽ 199.1, p ⬍ 0.001; very soft,
F(3,119) ⫽ 59.11, p ⬍ 0.001; soft, F(3,120) ⫽
21.69, p ⬍ 0.001; OK, F(3,117) ⫽ 12.48, p ⬍
0.001; loud, F(3,111) ⫽ 3.63, p ⫽ 0.015; very
loud, F(3,70) ⫽ 1.18, p ⫽ 0.33; too loud, F ⬍ 1. Figure 5. A, B, Slopes of loudness functions obtained at 4 kHz/edge from tinnitus (plain lines) and control (dotted lines) ears for
At 4 kHz/edge, level differences be- normal hearing (A) and slight hearing loss (B).
tween hearing-loss groups were significant for all loudness categories: inaudible, F(3,82) ⫽ 116.28, p ⬍
In control ears, at 1 kHz, the differences between hearing-loss
0.001; very soft, F(3,120) ⫽ 95.37, p ⬍ 0.001; soft, F(3,121) ⫽ 40.02,
groups were significant for all categories except for very loud and
p ⬍ 0.001; OK, F(3,117) ⫽ 23.51, p ⬍ 0.001; loud, F(3,104) ⫽ 12.04,
too loud: inaudible, F(3,78) ⫽ 64.90, p ⬍ 0.001; very soft, F(3,101) ⫽
p ⬍ 0.001; very loud, F(3,64) ⫽ 3.23, p ⫽ 0.028; too loud, F(2,20) ⫽
56.08, p ⬍ 0.001; soft, F(3,101) ⫽ 12.95, p ⬍ 0.001; OK, F(3,98) ⫽
5.15, p ⫽ 0.016.
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Figure 6. A–D, Averaged loudness functions obtained from tinnitus ears for 1 kHz (A) and 4 kHz (B) and control ears for 1 kHz (C) and 4 kHz (D), with respect to hearing-loss category (from 0 to
3). Loudness curves in tinnitus ears remain essentially parallel at high sound levels, whereas control ears display typical loudness recruitment curves.

2.73, p ⫽ 0.048; loud, F(3,87) ⫽ 2.88, p ⫽ 0.041; very loud, F ⬍ 1;
too loud, F(2,20) ⫽ 2.56, p ⫽ 0.102.
At 4 kHz/edge, level differences between hearing-loss groups
were significant for the lower loudness categories inaudible, very
soft, soft, and OK and tapered off at the loud, very loud, and too
loud levels: inaudible, F(3,65) ⫽ 65.20, p ⬍ 0.001; very soft, F(3,97) ⫽
43.73, p ⬍ 0.001; soft, F(3,97) ⫽ 19.93, p ⬍ 0.001; OK, F(3,93) ⫽ 8.25,
p ⬍ 0.001; loud, F(3,83) ⫽ 2.41, p ⫽ 0.073; very loud, F(3,45) ⫽ 1.06,
p ⫽ 0.375; too loud, F ⬍ 1.
Tukey’s post hoc comparisons showing ear group differences
within tinnitus and control ears (normal hearing to moderate
hearing loss) are presented in Table 4. Overall, at both 1 and 4
kHz/edge, tinnitus ear groups differ more among themselves
than control ears, meaning that control ears display classical
loudness recruitment but, in tinnitus ears, loudness does not (or
less so) catch up.

Discussion
This paper reports two important novel findings. The first
finding was that sensitivity to loud sounds (hyperacusis, measured by loudness growth functions) was increased in individuals with tinnitus compared with normal hearing individuals,
even when thresholds were in the range of normal hearing and
did not differ between the groups. Moreover, this increased

sensitivity could be observed for two different frequencies,
although it was more evident at high (4 kHz/edge) than at
lower (1 kHz) frequency. Although some groups have reported loudness functions in tinnitus (Penner, 1986; Ward
and Baumann, 2009; Reavis et al., 2012), our findings are the
first to report loudness functions in a significant number of
tinnitus and control ears matched for hearing loss. The dynamic range of acceptable sound intensities was also reduced
in individuals with tinnitus compared with controls (all subjects with normal HTs) because of reduced sound level tolerance in the subjects with tinnitus. We suggest that loudness
growth functions found in tinnitus are the perceptual correlate of the hyperacusis complaint by individuals with tinnitus
(as confirmed herein by questionnaire data) and that hyperacusis results from a maladaptive central gain.
The second important and novel finding is that, when considering several degrees of hearing loss from slight to profound, loudness growth curves in tinnitus ears show more
sensitivity than non-tinnitus control ears, that is, loudness
growth curves remain basically parallel at high sound levels
(i.e., more different from one hearing-loss category to another). In contrast, non-tinnitus control ears with hearing loss
displayed typical full loudness recruitment, with loudness
growth curves merging at high sound levels. Our findings also
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Table 4. Post hoc comparisons ( p values) between hearing-loss groups for tinnitus
and control ears separately at 1 and 4 kHz/edge for each loudness category
Moderate hearing loss
Slight hearing loss (B) Mild hearing loss (C)
(D)

1 kHz
Inaudible
A
B
C
Very soft
A
B
C
Soft
A
B
C
OK
A
B
C
Loud
A
B
C
4 kHz
Inaudible
A
B
C
Very soft
A
B
C
Soft
A
B
C
OK
A
B
C
Loud
A
B
C

Tinnitus

Control

Tinnitus

0.001

0.003

0.001
0.001

0.001
0.002

0.001
0.001
0.001

0.001
0.001
0.002

0.001
0.025

0.001
0.001

0.001
0.001
0.001

0.001
0.001
0.015

0.008

0.001
0.001

0.001
0.009

0.003

NS

NS

NS

Control

0.001
NS

Tinnitus

NS
NS

NS

NS

0.026
NS

NS
NS

NS
0.001
0.004

0.04
NS
NS

0.011
NS
NS

NS
NS
NS

NS
NS

NS

NS
NS

NS
NS

Control

0.023

0.003

⬍0.001
⬍0.001

⬍0.001
NS

⬍0.001
⬍0.001
⬍0.001

⬍0.001
⬍0.001
⬍0.001

⬍0.001

0.009

⬍0.001
0.018

⬍0.001
NS

⬍0.001
⬍0.001
⬍0.001

⬍0.001
⬍0.001
⬍0.001

0.004

NS

⬍0.001
NS

⬍0.001
NS

⬍0.001
⬍0.001
0.007

⬍0.001
⬍0.001
NS

0.039

NS

⬍0.001
NS

0.002
NS

⬍0.001
0.001
NS

⬍0.001
0.031
NS

<0.001
0.023
NS

NS
NS
NS

NS

NS

0.005
NS

NS
NS

The p values in bold represent cases in which control ear groups did not differ from one another (showing loudness
recruitment), whereas tinnitus ear groups differed from one another (showing differences in sensitivity). Very loud
and too loud categories had too few data points and are not presented. A, Normal hearing; B, slight Hearing loss; C,
mild hearing loss; D, moderate hearing loss.

suggest that hyperacusis and loudness recruitment can be experimentally distinguished from one another and that the
complaint of increased sensitivity in tinnitus is different from
loudness recruitment (Noreña, 2011; Zeng, 2012).
There is a large consensus around the idea that peripheral
damage is necessary for tinnitus to occur (Eggermont and
Roberts, 2004; Weisz et al., 2006; Gu et al., 2010). Recently, an
abnormally increased central gain controlling neural sensitivity
to compensate for deprived auditory input has been proposed to
account for tinnitus (Chrostowski et al., 2011; Noreña, 2011;
Schaette and McAlpine, 2011; Zhou et al., 2011). In this model,
both spontaneous neural noise and sound-evoked activity are
amplified and lead to a phantom sound (tinnitus) and pathology
of loudness (hyperacusis), respectively. Therefore, because tinnitus and hyperacusis stem from the same mechanism, they are

expected to be always associated to some extent. Our findings are
partially compatible with this view. First, the increased sensitivity
shown here in normal-hearing tinnitus ears could indicate some
degree of central gain compensation for early damage to the auditory nerve not yet visible on the audiogram. The audiogram is a
very coarse estimate of cochlear and neural functioning. Indeed,
recent animal studies have shown that, even when HTs (assessed
by auditory brain responses) are restored to normal after temporary threshold shift induced by sound exposure, ⬎50% of the
cochlear nerve fibers were found to be degenerated, indicating
that hidden and progressive neural damage could be invisible in
the audiogram (Kujawa and Liberman, 2009; Lin et al., 2011).
Other studies have reported findings consistent with hidden
hearing loss in tinnitus subjects with normal audiogram (Weisz et
al., 2006; Schaette and McAlpine, 2011). In particular, it has been
reported that, although the amplitude of wave I (reflecting activity in the auditory nerve) is reduced in tinnitus ears with normal
audiograms at sound levels ⱖ90 dB SPL, the amplitude of wave V
is unchanged or even increased (Schaette and McAlpine, 2011;
Gu et al., 2012). These results are consistent with functional damages affecting high-threshold auditory nerve fibers, followed by a
compensatory amplification in higher auditory centers (i.e., the
brainstem). Because in both studies broadband clicks were used,
it is unknown which frequency region was involved, i.e., whether
the decreased wave I and the increased wave V were only in the
high-frequency range or in all of the frequency ranges. Damages
can be local, but the central effects may affect a broad frequency
band. In any case, our findings could thus represent such an
instance of increased gain in the presence of hidden hearing loss.
Moreover, because the difference between loudness functions
was more prominent for high-level sounds (categories loud to
too loud; Fig. 4), our data are in agreement with specific damage
to the high-threshold auditory nerve fibers. Our data also suggest
that the increase in gain is multiplicative, which is in agreement
with the known effects of homeostatic plasticity (for review, see
Noreña and Farley, 2012).
Our findings are also compatible with previous ones showing that hyperactivity, as reflected by DTs and loudness functions, is not restricted to the hearing-loss region, at least the
one measurable with an audiogram (Noreña and CheryCroze, 2007). This was further shown here by the analysis of a
subgroup of tinnitus ears with normal HTs at all tested frequencies (250 – 8000 Hz) displaying lower DTs compared with
similar control ears. Current models of tinnitus that involve
decreases in intracortical inhibition (Eggermont and Roberts,
2004) or increased central gain (Noreña, 2011) have proposed
that the tinnitus percept is primarily linked to hyperactivity
within the hearing-loss region. For instance, in the release of
lateral inhibition model, more damage would predict less lateral inhibition within the hearing-loss region and, hence,
higher hyperactivity (and its putative behavioral correlate, hypersensitivity to sounds). In the central gain model, more
damage in the hearing-loss region would predict more central
compensation and, hence, stronger hyperactivity. Both models suggest that hyperactivity would give rise to the tinnitus
percept at a frequency inside the hearing-loss region. Studies
that have attempted to identify the predominant tinnitus frequency have indeed reported that the predominant tinnitus
pitch is within a hearing-loss region measurable with the audiogram (Norena et al., 2002; Roberts et al., 2008; Fournier
and Hébert, 2012). Although the current study did not report
tinnitus pitch, showing hypersensitivity to sounds over a
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broad range of frequencies suggests that stimulus-induced hyperactivity is not restricted to the measurable hearing-loss/
tinnitus frequency region. Our results therefore suggest a
differentiation between hyperacusis and tinnitus: tinnitus
could be related to increased neural synchrony within the
hearing-loss region, whereas hyperacusis could be related to
increased stimulus-induced activity over a broader frequency
band, extending the hearing-loss region, as suggested previously (Eggermont and Roberts, 2004).
Increased sensitivity, loudness recruitment, and central gain
Recent studies investigating the neural response of the auditory nerve after acoustic trauma have shown decreases in the
slope of input– output function of the auditory nerve (Heinz
et al., 2005) and have proposed a central origin of recruitment
(Joris, 2009). More specifically, loudness recruitment could be
attributable to an adaptation of the central auditory gain
(Noreña, 2011): because the input– output slope of the auditory nerve is usually decreased after hearing loss, the input–
output slope of the chopper neurons of the ventral cochlear
nucleus adapts itself to the new (decreased slope) input– output functions of cochlear nerve fibers (Cai et al., 2009). The
steeper slope for the loudness functions (defining recruitment) could then be considered as a perceptual correlate of
this adaptation of the central gain.
If loudness recruitment is a “normal” adaptation of central
auditory gain to the reduced input from the auditory nerve
and loudness growth curves are the perceptual correlate of this
adaptation, our results argue in favor of a maladaptive central
auditory gain in tinnitus, in both normal-hearing and hearingloss ears. The steepened loudness growth functions with and
without threshold elevation are consistent with the prediction
of the Zeng model of hyperacusis and thus support the maladaptive central auditory gain theory (Zeng, 2012). Note that
the loudness growth in half-octave bands method (as described by Allen et al., 1990), by splitting the dynamic range
into 15 equispaced levels, may decrease the number of data
points at high sound levels. This factor, combined with the
smaller number of ears in each of the hearing-loss categories,
have contributed less statistical power in higher sound level
categories.
Conclusion
We show increased sensitivity to sound (abnormal loudness
growth) in individuals with tinnitus compared with individuals
without tinnitus. The increased sensitivity was particularly pronounced in ears with normal audiograms, suggesting some “hidden” hearing loss. Overall, these results are consistent with the
hypothesis that tinnitus and hyperacusis may both result from an
increase of central gain. However, although current models suggest that auditory hypersensitivity should be restricted to the frequency range of the “tinnitus spectrum,” our study challenges
this prediction showing that hypersensitivity extends below the
region of hearing loss.
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