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Loudness perception may be controlled by a central gain, possibly
dependent on the mean level of the acoustic environment. Owing
to hearing loss, for instance, a decrease in sensory inputs could in-
crease this central gain and cause an auditory hypersensitivity or
hyperacusis. According to this model, individuals with hyperacusis,
provided with an enriched acoustic environment specifically de-
signed to compensate for the decrease in sensory inputs, should
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show an improvement in their hyperacusis. This study showed that
such an enriched acoustic environment indeed decreased auditory
hypersensitivity: stimuli initially considered as being too loud
became comfortable after a few weeks of acoustic stimulation.
Therefore, this original approach could provide a solution to
the problem of hyperacusis. NeuroReport 18:1251-1255 © 2007
Lippincott Williams & Wilkins.

Introduction

Loudness is the attribute of auditory sensation in terms of
which ‘sounds can be ordered on a scale extending from
quiet to loud” [1]. Loudness increases as a function of
intensity level from absolute threshold to loudness dis-
comfort level (LDL), when the loudness starts to become
‘too loud’ [1,2]. In the presence of hearing loss, loudness has
been shown to grow at an unusually rapid rate as the LDL is
not changed. This is referred to as loudness recruitment
[1,3]. In some cases, the LDL is reduced and individuals
tend to complain of bothersome loudness perception at
moderate levels. This is referred to as auditory hypersensi-
tivity or hyperacusis [4-6].

The prevalence of hyperacusis is around 8% in the general
population [7]. Interestingly, 86% of patients with hyper-
acusis also report having tinnitus [6] and 40% or more of
patients with tinnitus also report having hyperacusis [8-12].
The frequent co-occurrence of these two ‘aberrant’ percep-
tions suggests that these two symptoms may share common
origins. Importantly, hyperacusis may severely impair
quality of life and is sometimes considered as being more
troublesome than tinnitus [6].

It has recently been shown that modifying sensory inputs
over 2 weeks induced changes in loudness perception.
Indeed, decreasing (with earplugs) or increasing (stimula-
tion with broadband noise) sensory inputs induced an
increase or a decrease in auditory sensitivity, respectively
[13]. This suggests that loudness perception is highly plastic
and could be controlled by a central gain, depending on the
mean level of the sensory environment. In this context,
hearing loss, which causes a decrease in sensory inputs to
the central auditory system, could cause an abnormal

increase in central gain and consequently an auditory
hypersensitivity (most patients with hyperacusis present a
hearing loss [6,11,14]).

According to this model, compensating for the decrease in
sensory inputs owing to hearing loss could decrease the
central gain and consequently reduce auditory hypersensi-
tivity [15-18]. This study attempts to test this approach in
patients reporting hyperacusis.

Methods

Participants

Eight individuals (Table 1) complaining of bilateral annoy-
ance caused by ordinary sounds, in other words auditory
hypersensitivity or hyperacusis, were involved in the study.
The French Ethics Committee approved this study, con-
ducted with the understanding and the written consent of
each participant.

Psychoacoustic measures

Absolute thresholds (Table 1) were obtained between 500
and 16 kHz in half octave steps with a bracketing procedure.
Loudness functions at different frequencies were estimated
using a modified version of the method called loudness
growth in one-half octave band (LGOB) [2,19]. The method
consisted of categorizing loudness of pure tones whose
intensity levels ranged from absolute thresholds to the ‘too
loud” level. The ‘too loud’ level was first obtained by
increasing the intensity level in 5-dB steps from a moderate
level [60dB sound pressure level (SPL) or lower in very
sensitive individuals] to the ‘too loud’ level. This is the
level reached when the stimulus would be intolerable if
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Table I Absolute thresholds in left (first line in each row) and right
(second line in each row) ears, and demographic aspects of participants

Absolute thresholds

(dB SPL)
Participant Age  Sex Aetiology 050.711422.8456811.316
(years) (kHz)
[ 38 F Unknown 2213852716414 4457100
1891372612212394799*
2 43 M Noise 2419127 119 27 47 43 51 94
trauma
2217121316 16 26 48 62 58 89*
3 30 F Antibio- 2517111310 416 22 24 36 84*
tics (?) and
stress (?)
211514119716162919 80
4 59 F Exposed 1813179187 274072100
to noise
and stress
)
1619122222137 13367295
5 28 M Noise 155912101710 31 34 40 96*
trauma
118 6138317455438 95
6 48 M Noise 2313151018 26 20 4244 67 100*
trauma
221313102217 1817 38 71 100
7 3l M Stress () 13651212-1118212148
1365911 -1214222243
8 60 F Unknown 121718211212 627 5974 100%

272014121212 31337 58 100

F, female; LGOB, loudness growth in one-half octave band; M, male; ?, pos-
sible (but uncertain) aetiology.
®Ear tested in the LGOB task.

presented for a longer duration. The intensity step used in
the LGOB test was then obtained by dividing the difference
between the ‘too loud’ level and the absolute threshold by
14. As a result, 15 different intensities (three repetitions
each) were then presented to the participants. The partici-
pants had to judge the loudness of the stimulus presented
as being ‘inaudible’, ‘very soft’, ‘soft’, ‘OK’ (medium level),
‘loud’, ‘very loud’ or ‘too loud’. Once the test is completed
at a given frequency, another frequency was tested (up to six
frequencies were tested).

Psychoacoustic tests were carried out at each test session,
namely before the beginning of the treatment (s0), 2 weeks
(s2), 5 weeks (s5), 10 weeks (s10) and 15 weeks (s15) from
the beginning of the acoustic stimulation. After 15 weeks,
the participants stopped listening to the acoustic stimulus.
An additional test session (s +1m) was carried out 1 month
after the end of the treatment. This test session was used as a
control with acoustic stimulation removed for a month, we
expect that auditory sensitivity should tend to return towards
the pretreatment level (s0). The participants also answered
two questionnaires aimed at estimating the auditory sensitiv-
ity [12,20]. For the multiple-activity scale of hyperacusis
(MASH), participants had to provide a score (from 0 to 10) to
indicate the level of annoyance caused by sounds in different
activities (concert, work, driving a car, etc.). The mean MASH
score was calculated by dividing the total score by the number
of relevant activities [12]. In questionnaires from Khalfa et al.
[20], participants had to answer (among four possibilities:
never, sometimes, moderately, often; scores are 0, 1, 2, 3,
respectively) 14 sentences or questions (example: ‘Do you use
earplugs to reduce your perception of noise?’). The score is
simply the sum of all the answers.

Generation of the ‘therapeutic
auditory inputs towards the centres
The acoustic signal was generated individually from the
audiogram of each participant. Pure tones of different
frequencies (frequency step was 1/64th octave) were
generated and the amplitude of each pure tone was
‘weighted’ [factor A in equations (1) and (2)] as a function
of the audiogram: all frequencies were presented at equal
level in dB SL (sensory level). Each pure tone of frequency F
and as a function of time t was generated as follows:

signal: ‘equalizing’

Signal(F,t) = A(F) *sin(2 * pi * F * t) * env(t), 1)

where A(F) is a weighting factor aimed at ‘equalizing’ the
level of pure tones and env(t) is the envelope (5-ms rise and
fall linear ramp).

The weighting factor A(F) was obtained as follows:

A(F) = 10" [((AT(F) — Level_min)
— (Level_max —Level_min))/20], )

where AT(F) is the absolute threshold (in dB SPL) as a
function of F Level max corresponds to the maximal
hearing loss (chosen to be less than 75dB SPL) and
Level_min is the absolute threshold (in dB SPL) correspond-
ing to the low cut-off frequency of the hearing loss in a
given participant. One verifies that when AT(F)=Level max,
AF)=1.

The enriched acoustic environment (EAE) was composed of
pure tones of 100-ms duration with an average interstimulus
interval of 100 ms (+10ms). An entire sequence of pure tones
was generated, that is frequency ranged from the cut-off
frequency of the hearing loss (determined visually) to the
frequency corresponding to Level max [equation (2)], with
1/64th octave step. The EAE was then composed of pure
tones at all these frequencies, weighted as a function of A(F),
and presented in random order. The acoustic stimulus was
generated in Matlab, saved as a .wav file and was burnt on
a CD. The CD, a CD player (Panasonic, SL-5X340) and
headphones (Panasonic, RP-HS55) were given to the partici-
pants with listening instructions. The participants were asked
to listen daily to the EAE for a few hours and, most
importantly, at a just audible level. At the end of the
experiment, all participants reported having listened to the
EAE at least 1-3 h every day on average.

Statistical tests

Loudness functions derived from LGOB carried out at
frequencies below, equal to or above the cut-off frequency of
hearing loss were grouped into three frequency bands, namely
Flow, cut-off frequency of hearing loss (COF), Fhigh, respec-
tively. A Mann-Whitney test was used to test the potential
effects of the EAE (between s0 and s2, sO and s15, and s15 and
s+ 1m) in each frequency band and for each loudness response
category. The Wilcoxon signed-rank test was used to test the
effects of the stimulation over test sessions on the scores
derived from the questionnaires. For all tests, the threshold of
significance (initially, P=0.05) was adjusted according to the
Bonferroni correction (0.05/number of comparisons).

Results
Averaged loudness functions obtained from our participants
at the pretreatment baseline session (s0) are shown in Fig. 1.
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Fig.1 Loudness functions averaged over all participants (with hyperacu-
sis) tested in this study at the pretreatment baseline session in Flow (grey
circles), COF (white diamonds) and Fhigh (black squares) frequency bands
(£ SEM). Loudness functions in a normal-hearing participant (thick con-
tinuous line, data adapted from Ref. [2]) and hearing-impaired participant
(dashed line, data adapted from Ref. [19]) are also shown.

Averaged loudness functions from two participants without
hyperacusis, a normal-hearing participant (thick continuous
line, data adapted from Ref. [2]) and a hearing-impaired
participant (dashed line, data adapted from Ref. [19]),
obtained from the LGOB test (at 0.5kHz), were added to
provide comparative data. Our participants present, on
average, a relatively low LDL (around 70 dB SPL) testifying
to their high auditory sensitivity in the three frequency
bands. On the other hand, the LDL in the two participants
without hyperacusis is around 100dB SPL, irrespective
their absolute thresholds. Data from the hearing-impaired
participant (Fig. 1, dashed line) show an example of what
is called ‘loudness recruitment’, which could be defined
as an increase in the slope of the loudness-growth curve
[1,3,19].

Figure 2 shows the mean loudness judgements at s2, s15
and s+1m in separate panels for Flow, COF and Fhigh
frequency bands relative to the corresponding pretreatment
baseline loudness judgements (s0) (data for s5 and s10 are
not shown for clarity).

The EAE induced a dramatic decrease in auditory
sensitivity over the course of the treatment in all of the
three frequency bands. Typically, across all loudness
response categories, listeners needed more intense tones to
achieve the same loudness judgements as compared with
pretreatment baseline judgements. This decrease in auditory
sensitivity is statistically significant as soon as 2 weeks
of acoustic stimulation (s2) in the COF [category ‘OK’,
P<(0.05/7 categories)=0.007] and Fhigh (categories ‘OK’,
loud’ and ‘very loud’, P<0.007) frequency bands. The
LGOB test has been shown to give highly reliable results [2].
It is then unlikely that ‘desensitization” owing to repetitive
testing caused these effects on loudness perception (also see
Discussion). At s15, the decrease in auditory sensitivity
relative to sO was maximal and statistically significant in all
frequency bands and all loudness categories from ‘soft’ to
‘too loud” (P<0.007). Finally, participants were tested
1 month after the end of the treatment. According to our
model, in the absence of additional stimulation for
compensating the decrease in sensory inputs owing to
hearing loss, the auditory sensitivity should ultimately
return to the baseline level (provided that the ‘recovery’

25
—@— s2-s0

204 T
—O—s15-s0

154 —C— s+ 1m=s0 |- 3

Flow

Relative level change (dB)

Loudness response category

Fig.2 Averaged loudness levels at s2 (black circles), sI5 (grey circles) and
s+ I m (white diamonds) in Flow (upper panel), COF (middle panel) and
Fhigh (lower panel) frequency bands relative to the pretreatment baseline
session (£ SEM), as a function of loudness response categories (data at s5
and sl0 are not shown). A positive value indicates a reduced auditory sen-
sitivity, that is, participants needed more intense tones to achieve the
same loudness judgements as compared with the pretreatment baseline
session (s0).

period is sufficiently long). Our results are in broad
accordance with the model as the sound levels needed to
achieve the same loudness judgements at s+ 1m, compared
with judgements at s15, were significantly decreased in the
COF (category ‘very loud’, P<0.007) and Fhigh (categories
‘loud’ and ‘very loud’, P<0.007) frequency bands. Never-
theless, the levels at s + 1m are still higher when compared
with the levels at sO (all frequency bands and categories
from ‘soft’ to ‘very loud’, P <0.007).

The scores derived from the questionnaires decreased in
all participants over the course of the treatment. The scores
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from the MASH questionnaire [12] were significantly
decreased at s15 (averaged score: 4, P<0.025) and s+1m
(average score 3.6, P<0.025) relative to s0 (average score:
5.23). The scores from Khalfa ef al.’s questionnaire [20] were
also significantly decreased at s+1m (average score: 26,
P <0.025) relative to sO (averaged score: 33.5).

Discussion

First, this study shows that participants reporting auditory
hypersensitivity present low LDL over a broad frequency
band. As stated in the Introduction, loudness perception
could be controlled by a central gain, which is thought to be
dependent on the mean level of the sensory environment.
As hearing loss is confined to the high-frequency region, the
auditory hypersensitivity over a broad frequency band
suggests that the central gain is broadly tuned to frequen-
cies. This is consistent with the decrease in central inhibition
[21] and the increase in neural responses over a broad
frequency range [17,18,22,23] induced by hearing loss. The
central inhibition, known to vary with the amount of
sensory inputs [21], could play a major role in controlling
the central gain.

Second, this study shows that an EAE confined to the
frequency range of hearing loss induced a decrease in
auditory hypersensitivity (estimated from the LGOB test
and questionnaires) over a broad frequency band. At first
sight, these changes in loudness perception could be
accounted for by a rescaling of participants’ behavioural
criteria (or desensitization) for judging loudness owing to
repetitive testing. LGOB has, however, been proven to give
high reliable results [2]. The quick (after 2 weeks of
stimulation) and frequency-dependent effect of the EAE
cannot then be accounted by a desensitization effect. Finally,
desensitization does not account for the significant increase
in auditory sensitivity between s15 and s + 1m. Instead, the
large decrease in auditory sensitivity induced by the EAE, is
more parsimoniously explained by a decrease in the
adaptive central gain [13,16,17]. Once again, the decrease
in auditory sensitivity at remote frequencies from the
stimulated frequency range suggests that the adaptive
central gain is broadly tuned to frequencies. This is in
broad agreement with a recent study in which normal-
hearing participants were fitted with either earplugs
(simulating the decrease in sensory inputs owing to hearing
loss) or low-level noise generator for 2 weeks [13]. The
earplugs and low-level noise generator respectively induced
an increase and a decrease in auditory sensitivity over a
broad frequency band.

Finally, chronic stimulation with broadband noise has
been shown to reduce auditory hypersensitivity [9,10,
12,24]. Nevertheless, stimulation with broadband noise has
been reported to be slow and has limited effects for
providing a solution to the problem of hyperacusis [12].
This further emphasizes the importance of providing an
EAE equalizing sensory inputs, that is compensating the
reduced sensory inputs owing to hearing loss.

Recently, a passive acoustic stimulation in the frequency
range of noise-induced hearing loss has been shown to
prevent the central changes usually induced after a noise
trauma in cats [16,17]. This suggests that in compensating
the decrease in sensory inputs related to hearing loss, the
EAE may have restored central inhibition and, consequently,
normal neural responses. In this study, the EAE provided to

participants possibly restored central inhibition and de-
creased the central gain, which could have decreased
auditory sensitivity.

Conclusion

This study shows that an acoustic stimulation confined to
the frequency range of hearing loss reduces auditory
hypersensitivity over a broad frequency band. The general
approach of providing adapted EAE to reduce the central
gain of the auditory system could be applied in all
participants experiencing auditory hypersensitivity.
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