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Earplug-induced changes in acoustic reflex thresholds suggest that
increased subcortical neural gain may be necessary but not sufficient for the
occurrence of tinnitus
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OAbstract—The occurrence of tinnitus is associated with hearing loss and neuroplastic changes in the brain, but disentan-

gling correlation and causation has remained difficult in both human and animal studies. Here we use earplugs to cause a

period of monaural deprivation to induce a temporary, fully reversible tinnitus sensation, to test whether differences in

subcortical changes in neural response gain, as reflected through changes in acoustic reflex thresholds (ARTs), could

explain the occurrence of tinnitus.Forty-four subjects with normal hearing wore an earplug in one ear for either 4

(n = 27) or 7 days (n = 17). Thirty subjects reported tinnitus at the end of the deprivation period. ARTs were measured

before the earplug period and immediately after taking the earplug out. At the end of the earplug period, ARTs in the

plugged ear were decreased by 5.9 ± 1.1 dB in the tinnitus-positive group, and by 6.3 ± 1.1 dB in the tinnitus-negative

group. In the control ear, ARTs were increased by 1.3 ± 0.8 dB in the tinnitus-positive group, and by 1.6 ± 2.0 dB in the

tinnitus-negative group. There were no significant differences between the groups with 4 and 7 days of auditory depriva-

tion.Our results suggest that either the subcortical neurophysiological changes underlying the ART reductions might not

be related to the occurrence of tinnitus, or that they might be a necessary component of the generation of tinnitus, but

with additional changes at a higher level of auditory processing required to give rise to tinnitus. This article is part of a

Special Issue entitled: [SI: Tinnitus Hyperacusis]. © 2019 The Authors. Published by Elsevier Ltd on behalf of IBRO. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Key words: tinnitus, auditory deprivation, acoustic reflex threshold, neural plasticity, earplug.
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The occurrence of tinnitus, a phantom auditory sensation, is
correlated with cochlear damage, neuroplastic changes in
the central auditory system, and changes in spontaneous
neuronal activity (Roberts et al., 2010; Baguley et al., 2013;
Schaette, 2013; Shore et al., 2016). However, the relative
contributions of the different factors and their causal relations
have remained largely unclear. Moreover, it has yet to be
clarified which of the changes in the central auditory system
might be necessary for the development of tinnitus, and
which might be unrelated consequences of hearing loss.
In most patients, tinnitus is associated with audiometric

hearing loss (Axelsson and Ringdahl, 1989; Pilgramm et al.,
1999; Nicolas-Puel et al., 2002), and tinnitus pitch is gener-
ally matched to frequencies where hearing is impaired
62
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65land Schaette).
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(Norena et al., 2002; König et al., 2006; Roberts et al.,
2008; Sereda et al., 2011). However, tinnitus can also occur
in subjects without audiometric hearing loss (Barnea et al.,
1990; Sanchez et al., 2005), and it is currently an open ques-
tion whether such subjects have sub-clinical cochlear
damage (Schaette and McAlpine, 2011; Gu et al., 2012;
Bramhall et al., 2018) or not (Gilles et al., 2016; Guest
et al., 2017). Conversely, hearing loss does not always lead
to tinnitus, as demonstrated by the fact that the prevalence
of hearing loss is higher than the prevalence of tinnitus
(Lockwood et al., 2002).
In humans, the presence of tinnitus has been linked to

changes in the spontaneous neuronal activity in the central
auditory system. Specifically, changes in spontaneous brain
rhythms have been reported, with an increase in power in
the delta frequency band and reduced power in the alpha fre-
quency band (Weisz et al., 2005; Weisz et al., 2007; Adja-
mian et al., 2012). Modulation of the alpha/delta ratio was
also observed during masking (Adjamian et al., 2012),
an open access article under the CC BY license (http://creativecommons.org/

https://doi.org/10.1016/j.neuroscience.2019.03.017
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residual inhibition (Sedley et al., 2012; Sedley et al., 2015),
and residual excitation (Sedley et al., 2012) of tinnitus, but
these changes might be confined to a subset of participants
(Sedley et al., 2012). Furthermore, significant increases in
gamma band activity have been reported in cases of chronic
tinnitus (Weisz et al., 2007; Lorenz et al., 2009) as well as for
temporary tinnitus after noise exposure (Ortmann et al.,
2011). However, other studies have not reported a consistent
relation between gamma power and tinnitus (Adjamian et al.,
2012; Sedley et al., 2012), or even an increase in gamma
band activity during tinnitus suppression (Sedley et al.,
2015). Potential difficulties in the interpretation of human neu-
roimaging results are underlined by recent reports that puta-
tive “tinnitus networks” in neuronal resting state activity
could not be found when tinnitus and control subjects were
carefully matched for hearing status (Davies et al., 2014),
and that there might be no relation between EEG findings
and psychometric or psychoacoustic properties of tinnitus
(Pierzycki et al., 2016).
Animal studies have reported relations between behavioral

measures that have been assumed to be indicative of tinnitus
and a variety of changes in spontaneous neuronal activity
after the induction of hearing loss, e.g. increased sponta-
neous firing rates (Brozoski et al., 2002; Kaltenbach et al.,
2004; Bauer et al., 2008; Ahlf et al., 2012; Koehler and Shore,
2013), increases in spontaneous bursting activity (Bauer
et al., 2008; Wu et al., 2016), and increases in neuronal syn-
chrony (Engineer et al., 2011; Wu et al., 2016). These poten-
tial neural correlates have been observed all along the central
auditory pathway, from the cochlear nucleus to the auditory
cortex. Modeling studies suggest that the development of
increased spontaneous firing rates could be caused by an
increase in neuronal response gain after hearing loss
(Schaette and Kempter, 2006; Parra and Pearlmutter, 2007;
Schaette and Kempter, 2008, 2009; Chrostowski et al.,
2011; Norena, 2011). Several studies have provided indica-
tions that subcortical changes in spontaneous neuronal activ-
ity might only occur in animals with behavioral evidence for
tinnitus (Kaltenbach et al., 2004; Koehler and Shore, 2013;
Wu et al., 2016), but other studies have found that increases
in spontaneous neuronal activity might be a general conse-
quence of hearing loss and not specific for tinnitus (Coomber
et al., 2014), and that ablation of the dorsal cochlear nucleus,
which has been proposed to play an important role in tinnitus
generation, does not abolish the assumed behavioral signs of
tinnitus (Brozoski and Bauer, 2005). Thus, a definite answer
to the question of where the “tinnitus generator” is located,
and which neuronal mechanisms underlie the development
of the phantom sound, has not yet been found.
In animal models of tinnitus, some of the discrepancies

might be due to the use of different species or noise exposure
paradigms. However, it is conceivable that the different beha-
vioral tests used to detect the presence of tinnitus could have
led to differences in the results, and there is currently an on-
going debate whether behavioral tests for detecting tinnitus in
animals do reflect tinnitus or other consequences of experi-
mentally induced hearing loss (Eggermont, 2013; Fournier
and Hebert, 2013). In human studies, the heterogeneity of
hearing loss makes it difficult to match tinnitus and control
E
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F

groups closely, which presents a potential confound. More-
over, the heterogeneity of tinnitus itself might introduce
another source of variability. Finally, it is conceivable that
neuroplastic changes might be a necessary pre-requisite for
the development of tinnitus, like, for example, increased neu-
ronal response gain in subcortical auditory structures, but
that additional changes at higher processing stages, like fail-
ure of thalamic gating (Rauschecker et al., 2010) or altered
evaluation of subcortical neuronal activity patterns (Sedley
et al., 2016), might be required to explain conscious percep-
tion of tinnitus. Any of the confounds mentioned above would
greatly increase the difficulty of teasing these factors apart.
One way of investigating the mechanisms underlying tinni-

tus generation, while avoiding some of these pitfalls, might be
to study temporary tinnitus, which can be induced in human
subjects through auditory deprivation by means of an ear-
plug. We have recently demonstrated that wearing an ear-
plug in one ear for several days reliably and fully reversibly
induces the perception of tinnitus in the majority of subjects,
and the descriptions of the tinnitus sounds were similar to
those used by tinnitus patients to describe their auditory
phantom (Schaette et al., 2012). Using the earplug paradigm,
where all subjects experience the same defined type, degree
and duration of temporary hearing loss, enables the investi-
gation of hearing-loss-induced neurophysiological changes
within subjects, and the comparison between subjects with
and without phantom sounds makes it possible to separate
those related to tinnitus perception from those related to hear-
ing loss. Earplug-induced auditory deprivation has already
been shown to increase the perceived loudness of sounds
(Formby et al., 2003; Munro et al., 2014) and to decrease
the sound level required to elicit the acoustic reflex (acoustic
reflex threshold, ART) in the plugged ear (Munro and Blount,
2009; Munro et al., 2014; Brotherton et al., 2016, 2017).
Decreases in ART might be caused by an increase in neuro-
nal response gain at the level of the brainstem, i.e. a physio-
logical change that would also be a candidate mechanism for
the generation of tinnitus (Schaette and Kempter, 2006,
2009; Norena, 2011).
Here we report on the relation between the occurrence of

tinnitus and changes in the ART after auditory deprivation
through wearing an earplug in one ear for several days.
Forty-four young participants with normal-hearing wore an
earplug in one ear continuously for either 4 or 7 days. ARTs
were measured with broadband noise as eliciting stimulus
before the earplug period and immediately after the earplug
was taken out at the end of the earplug period. We hypothe-
sized that if the occurrence of tinnitus can be explained by
subcortical changes in neuronal gain, the ARTs of partici-
pants experiencing tinnitus would differ from those that did
not hear phantom sounds.
EXPERIMENTAL PROCEDURES

We have pooled the data from two previous studies where
ARTs were measured and participants were asked about
phantom sounds. In the first study (Munro et al., 2014), 17
volunteers (age range 20–28 years, mean age 23.5 ±
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0.44 years; 11 female) wore an earplug for 7 days. In the
second study (Brotherton et al., 2017), 27 volunteers (21
female; mean age, 24.7 ± 1.3 years; range 19–50 years)
wore an earplug in one ear for 4 days. Pooling the data
was possible because changes in ART induced by monaural
earplug usage reach a plateau after 2–4 days (Brotherton et
al., 2016). Both studies were approved by the ethics commit-
tee of the University of Manchester (Refs 663/07P and
13,183), and all participants gave written informed consent.
For both studies, participants were required to have normal

hearing, i.e. thresholds of <20 dB HL from 0.25 kHz to
8 kHz, and no asymmetry >10 dB between ears at any fre-
quency. A short health questionnaire was used to screen
for other conditions, and persons reporting chronic tinnitus
or intermittent tinnitus at the beginning of the study were
excluded. Normal middle ear function was ensured through
tympanometry using a GSI TympStar middle ear analyzer;
participants were required to have middle ear pressure
between +50 and −50 daPa and middle ear compliance of
0.3 to 1.6 cm3.

Pure-tone audiometry

Pure tone audiometry was performed with an Aurical clinical
audiometer and TDH-39 supra-aural headphones. Hearing
threshold levels were measured for each ear separately at
0.25, 0.5, 1, 2, 4 and 8 kHz, using procedures recommended
by the British Society for Audiology. The mean hearing
thresholds are shown in Fig. 1a, b.
 T
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Fig. 1. Audiograms and earplug attenuation. (A) Mean audiograms of the
left (blue line) and the right ears (red line) of the participants that wore an
earplug for 7 days (n = 17). (B) Mean audiograms of the left (blue line)
and the right ears (red line) of the participants that wore an earplug for
4 days (n = 27). (C) Mean earplug attenuation values of the unilateral ear-
plugs in the 4-day (magenta, n = 27) and the 7-day group (green, n = 17).
All error bars are ± s.e.m.
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CSound-attenuating earplugs and measures of

tinnitus

The participants were fitted monaurally (22 left ear, 22 right
ear) with a reusable Mack's silicone putty ear plug (McKeon
Products, United States) and instructed to wear it continu-
ously for 4 or 7 days, except for daily ablutions. Sound
attenuation of the earplug, i.e., the difference in ear canal
sound level with and without the earplug in situ, was mea-
sured using a clinical probe tube microphone system and a
broadband signal (pink noise) of 75 (Munro et al., 2014) or
65 dB SPL (Brotherton et al., 2017). The measures were
made three times on each listener after the participant
removed and refitted the earplug into each ear, to confirm
that participants fitted the earplug with a maximum attenua-
tion difference of 3 dB at 1 kHz and 2 kHz when fitting it
themselves. The average attenuation levels are shown
in Fig. 1c.
At the end of the first earplug fitting session, participants

were given an “earplug logbook” to record earplug usage
(expected to be continuous except for removal for cleaning).
They were also told that there might be a possibility of experi-
encing phantom sounds during earplugs usage, and they
were asked to take a note about their occurrence in the log-
book. We deliberately did not mention “tinnitus” in all explana-
tions and only talked about phantom auditory sensations or
phantom sounds to avoid biasing the subjects by using the
strongly suggestive term “tinnitus”, which carries a negative
connotation for many people.
Acoustic reflex threshold measurement

Ipsilateral ARTs were measured using the GSI tympstar mid-
dle ear analyzer with a 226-Hz probe tone. Ipsilateral mea-
surements involved presenting the eliciting stimulus and
measuring the reflex in the same ear. The stimulus used to
elicit a reflex was a broadband noise (BBN). The stimulus
was of fixed duration (1 s) and presented at an initial level
of 60 dB HL. The sound level was increased in 5-dB steps
until the reflex was detected (reduction in compliance of
>0.02 cm3). Increasing the stimulus by a further 5 dB con-
firmed the reflex growth. The stimulus was decreased by
10 dB and increased in 2-dB steps to determine the ART.
The stimulus was presented two additional times at the
apparent ART to confirm repeatability and then increased
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by a further 2 dB to confirm reflex growth. If a change in com-
pliance was not seen at the maximum stimulus eliciting level
of 95 dB HL, 5 dB was added onto the maximum value as
done in previous ART studies (Munro and Blount, 2009). In
each case, ART measurements were completed within
30 min after removal of the earplug. For ART measurements,
the tester was blinded to which ear had been plugged. Con-
sequently, in half of the participants the previously plugged
ear was therefore measured before the control ear.

Data analysis and statistical tests

The data were inspected before analysis to confirm that it
was appropriate to use parametric statistics. Statistical analy-
sis of the raw ART data was carried out using a three-factor
(tinnitus [yes/no] × ear [plugged/control] × deprivation [pre/
post]) repeated-measures analysis of variance (ANOVA).
To assess whether different durations of earplug usage had
an effect on the change in ART, we performed a three-
factor (tinnitus [yes/no] × ear [plugged/control] × duration [4/
7 days]) ANOVA. All data analyses were performed using
Matlab (The MathWorks Inc., Natick, Massachusetts).
T
E
D

304

Table 2 t2:1. Occurrence, description and location of tinnitus in the 4-day ear-
plug group. t2:2

t2:3Participant
number

Tinnitus on
day 4

Tinnitus
description

Tinnitus Location

t2:418 N
t2:519 N
t2:620 Y Tapping noise Plugged ear only
t2:721 N
t2:822 Y Whistling Plugged ear only
t2:923 Y Ringing Plugged ear only
t2:1024 Y White noise Plugged ear only
t2:1125 Y Ringing Plugged ear only
R

E
C

RESULTS

At the end of the earplug period, 30 participants reported
experiencing tinnitus sounds at the time of ART measure-
ment. These were classed as “tinnitus-positive” for all further
analyses. Those who did not report tinnitus (n = 14) on the
final day of the earplug period were classed as “tinnitus-nega-
tive”. In the 7-day group, an additional four participants
reported hearing tinnitus at some point during the earplug
period, but the phantom sound disappeared before day 7,
and they were thus classified as “tinnitus-negative” in our
analyses of ARTs. In the 4-day group, this information was
not collected. In both groups, the descriptions of the tinnitus
U
N
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RTable 1. Occurrence and description of tinnitus in the 7-day earplug
group. Please note that not all participants of the 7-day study gave
description of their phantom sounds, as we did not conduct a detailed
interview in this study.

Participant
number

Tinnitus during ear-
plug period

Tinnitus on
day 7

Tinnitus
description

1 Y Y Tone
2 Y Y None given
3 Y Y Ringing
4 Y Y None given
5 Y Y None given
6 Y Y Ringing
7 Y N trains and whistles
8 Y N soft humming
9 N N
10 N N
11 Y Y high-pitched beep
12 N N
13 Y N humming, ringing,

crackling
14 Y N Ringing
15 Y Y high-pitched tone
16 Y Y Ringing
17 Y Y None given
 P
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F

sounds (see Tables 1 and 2) were similar to those typically
given by tinnitus patients.
Fig. 2 shows the mean ARTs before and after deprivation.

ARTs measured from the previously plugged ears were
decreased compared to baseline (by 5.9 ± 1.1 dB in the
tinnitus-positive group, and by 6.3 ± 1.1 dB in the tinnitus-
negative group), and ARTs measured from the control ears
showed a slight increase over the earplug period (by 1.3 ±
0.8 dB in the tinnitus-positive group, and by 1.6 ± 2.0 dB in
the tinnitus-negative group). There were a highly significant
effect of earplug-induced deprivation (pre- vs post-plugging)
(F(1,84) = 13.0, p = 0.00052), and a highly significant inter-
action between deprivation and ear (plugged/control)
(F(1,84) = 34.4, p < 0.0001), but no significant effect of tinni-
tus (F(1,84) = 0.18, p = 0.677). Thus, there were no signifi-
cant differences between tinnitus-positive and tinnitus-
negative participants, either in the absolute ARTs or in the
degree of ART change over the earplug period.
As we used two different lengths of auditory deprivation, we

also analyzed whether the different durations of earplugging
might have had an influence on the change in ARTs. Fig. 3
depicts the change of the ARTs over the earplug period:
Fig. 3a shows the combined data from the 4- and the 7-day
t2:1226 N
t2:1327 Y Hissing Plugged ear only
t2:1428 Y Hissing Plugged ear only
t2:1529 Y pounding/drilling In the head
t2:1630 Y Ringing Plugged ear only
t2:1731 Y Buzzing/humming Plugged ear only
t2:1832 N
t2:1933 Y Ringing and

beating
Plugged ear only

t2:2034 Y Hissing, Whistling,
Beating

Plugged ear only

t2:2135 Y Ringing Plugged ear only
t2:2236 Y Whistling, ringing

and beating
Plugged ear only

t2:2337 Y Ringing and
beating

Plugged ear only

t2:2438 Y Ringing Plugged ear only
t2:2539 N
t2:2640 Y Ringing Both ears, louder in

plugged ear
t2:2741 N
t2:2842 Y Ringing Both ears, louder in

plugged ear
t2:2943 Y Ringing and

beating
Plugged ear only

t2:3044 Y Ringing and
beating

Plugged ear only
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Fig. 2. Acoustic reflex thresholds (ARTs) before and after unilateral audi-
tory deprivation through an earplug. Participants experiencing tinnitus
(n = 30) at the end of the earplug period are shown in red, those without
tinnitus in black (n = 14). ARTs for the plugged ear are denoted by filled
circles, those for the open ears by open circles. Panel (A) shows mean
ARTs before and after earplugging, panel (B) individual participants' ARTs
for the plugged ears, and panel (C) individual participants' ARTs for the
open control ears. There were no significant differences between partici-
pants with and without tinnitus. All error bars are ± s.e.m.
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U

group, with participants divided into a tinnitus and a no-
tinnitus group. Fig. 3b shows the same tinnitus-grouping for
the 4-day earplug group, and Fig. 3c for the 7-day earplug
group. Finally, Fig. 3d compares all participants of the 4-
and the 7-day group, regardless of tinnitus. There were no
differences in the magnitude of ART change between the
group with 4 days and the group with 7 days of earplug-
induced unilateral auditory deprivation, and no effect of tinni-
tus perception (three-factor ANOVA, no effect of earplug
duration or tinnitus, F(1,84) = 0.26, p = 0.61 and F(1,84) =
0.03, p = 0.86, respectively).
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DISCUSSION

We have investigated whether there is a relation between the
occurrence of tinnitus and changes in the ART after unilateral
auditory deprivation through wearing an earplug. Out of 44
participants who wore an earplug continuously, 30 reported
experiencing tinnitus at the end of the earplug period. ART
measurements with BBN as the eliciting stimulus showed a
significant decrease of ARTs measured from the previously
plugged ear at the end of the earplug period, but no signifi-
cant differences between participants with and without tinni-
tus. Therefore, the changes in subcortical neural response
properties underlying the earplug-induced changes in ART
are either not related to the occurrence of tinnitus, or they
contribute to the occurrence of tinnitus, with a second
mechanism determining whether a conscious percept
emerges or not.
In this study, we have pooled the data from two investiga-

tions that used different durations of earplug usage. We had
previously shown that changes in ARTs induced by monaural
auditory deprivation through an earplug reach a plateau after
2–4 days of earplug usage (Brotherton et al., 2016). This was
confirmed in our current study, as there was no difference in
the change in ART from baseline between the 4-day- and the
7-day-earplug group (Fig. 3). The magnitude of changes in
the ART observed in the present study was comparable to
those seen in other investigations (Munro and Blount, 2009;
Brotherton et al., 2016).
To describe the sounds that they experienced, our partici-

pants used descriptors that closely resemble those given by
tinnitus patients (Tables 1 and 2). Moreover, characterization
of the tinnitus sounds using a modified version of the tinnitus
spectrum measurement method (Norena et al., 2002) in our
previous study (Schaette et al., 2012) yielded “tinnitus spec-
tra” that peaked in the region of the earplug-induced hearing
loss, similar to results obtained from tinnitus patients (Norena
et al., 2002; König et al., 2006; Roberts et al., 2008). It is thus
plausible to assume that the earplug-induced temporary tinni-
tus and chronic tinnitus experienced by tinnitus patients are
closely related phenomena. Our results thus offer potential
insights into the mechanisms of tinnitus.
To investigate physiological changes in response to

earplug-induced auditory deprivation, we measured
changes in the ART, using BBN as an eliciting stimulus,
which provides a quick test for changes across a wide range
of frequencies. However, many participants described “nar-
rowband” tinnitus sensations like whistling or ringing (Tables
1 and 2), suggesting that plasticity may have been limited
to a relatively narrow range of frequency channels in the cen-
tral auditory system, which might be probed in a more speci-
fic way with ART measurements using pure tone stimuli. A
limiting factor, however, is that at the high sound intensities
required to elicit the acoustic reflex, cochlear excitation pat-
terns are very broad and even a pure tone will excite a large
stretch of the basilar membrane (Diehl and Schaette, 2015),
and therefore demonstrating a frequency-specific effect in
ART measurements might be difficult at best.
As we assessed earplug-induced physiological changes in

the central auditory system by measuring changes in the
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threshold of the acoustic reflex, we only probed a small part
of the auditory brainstem: The pathway of the acoustic reflex
arc involves the ipsilateral auditory nerve, ventral cochlear
nucleus and superior olivary complex. From the superior oli-
vary complex there are projections to the ipsilateral stapedius
muscle through the ipsilateral facial nerve nucleus, and to the
contralateral stapedius muscle through the contralateral
facial nerve nucleus (Lee et al., 2006). Therefore, the
decreases in the ipsilateral ART following unilateral earplug
use suggest changes in neuronal processing, for example
an increase in neuronal response gain (Brotherton et al.,
2015), in either the ventral cochlear nucleus or the superior
olivary complex. Animal studies have shown an increase in
excitatory and a decrease in inhibitory synaptic neurotrans-
mission in the ipsilateral ventral and dorsal cochlear nucleus
after 24 h of unilateral earplugging (Whiting et al., 2009).
Similarly, increases in neuronal response amplitudes
have been observed in the VCN after noise-induced hearing
loss (Cai et al., 2009). On the other hand, the amplitude of
ABR wave III, which is thought to originate from the VCN
(Melcher et al., 1996), was not significantly changed after
4 days of monaural earplugging (Brotherton et al., 2017),
demonstrating the need for more research to pinpoint the
mechanisms underlying the deprivation-induced changes in
ARTs.
Computational modeling studies suggest that changes in

synaptic strength, as have been observed in the VCN after
earplugging (Whiting et al., 2009), could lead to an increase
in neuronal gain sufficient to elevate the level of spontaneous
neuronal activity in the cochlear nucleus (Schaette and
Kempter, 2006, 2008; Schaette et al., 2012), which could
underlie the perception of tinnitus (Schaette and Kempter,
2009; Norena, 2011). Recent animal and human studies
have also implicated a role for the ventral cochlear nucleus
O
O

F

in the generation of tinnitus (Gu
et al., 2012; Coomber et al., 2014;
Coomber et al., 2015). Therefore,
an increase in neural gain in the
cochlear nucleus could potentially
underlie both a decrease in ARTs
and the occurrence of tinnitus.
Animal studies have produced

conflicting results about the rela-
tion between the occurrence of tin-
nitus and subcortical changes in
spontaneous neuronal activity.
Several studies have reported
that increased spontaneous firing
rates (Brozoski et al., 2002; Kalten-
bach et al., 2004; Koehler and
Shore, 2013), increased synchrony
of spontaneous activity and
increased spontaneous bursting
(Wu et al., 2016) in the dorsal
cochlear nucleus (the ventral divi-
sion has not been investigated so
far) correlated with assumed beha-
vioral signs of tinnitus after noise
exposure. However, other studies
E
D

have indicated that increased spontaneous firing rates and
bursting in the inferior colliculus could be related to hearing
loss rather than tinnitus (Coomber et al., 2014; Ropp et al.,
2014). Since noise-induced neuronal hyperactivity in the
inferior colliculus is driven by the activity of neurons in the
cochlear nucleus (Manzoor et al., 2012), the findings from
the inferior colliculus also relate to the interpretation of
cochlear nucleus results.
Two ways of reconciling conflicting results on the relation

between changes in spontaneous neuronal activity and the
occurrence of tinnitus, which also offers a framework for inter-
preting our results on the non-relation between changes in
ARTs and the occurrence of tinnitus, are the gating hypoth-
esis (Rauschecker et al., 2010) and the predictive coding
hypothesis (Sedley et al., 2016). According to the gating
hypothesis, tinnitus requires subcortical changes in neuronal
activity patterns that constitute a tinnitus precursor, or a sub-
strate for tinnitus. However, for conscious tinnitus perception
to occur, an additional failure of a perceptual gating mechan-
ism, e.g. at the level of the thalamus, is required; otherwise,
the subcortical activity patterns that constitute the tinnitus
precursor are simply filtered out since they do not provide
relevant auditory information about the outside world. In the
predictive coding hypothesis, hearing loss also alters subcor-
tical patterns of spontaneous activity, but this tinnitus precur-
sor is normally ignored as imprecise evidence against the
prevailing percept of silence. Tinnitus perception then
requires focused attention, and the phantom sound is only
perpetuated when the default prediction is reset to expecting
tinnitus. Following these hypotheses, hearing loss would
always generate subcortical changes in neuronal response
properties, which is consistent with our finding that both the
tinnitus-positive and the tinnitus-negative group showed sub-
cortical changes manifesting as significant decreases in



467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501Q5

502

503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

Hannah Brotherton et al. / Neuroscience xxx (xxxx) xxx–xxx 7

NSC 18942 No of Pages 8

22 March 2019
ARTs in the plugged ear, and also matches animal results
that show hearing-loss-related changes in spontaneous neu-
ronal activity without specificity for tinnitus (Coomber et al.,
2014; Ropp et al., 2014). Conscious perception of tinnitus
would then require additional changes at a higher level of
the auditory pathway (Rauschecker et al., 2010; Leaver et
al., 2011; Song et al., 2015a; Sedley et al., 2016), which were
simply not assessed through our ART measurements. In a
previous study, we have shown that changes in ARTs and
changes in perceived loudness after earplugging show differ-
ent patterns (Munro et al., 2014), suggesting that the earplug
paradigm could enable studies of tinnitus-related changes in
auditory processing, for example through neuroimaging
before and after the earplug period. Moreover, since the tinni-
tus induced by the earplug was not perceived as bothersome
by the participants, it would be possible to investigate just the
neural correlates of the phantom sounds, without having to
take into account the neural activity patterns related to tinni-
tus distress (Song et al., 2015b).
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CONCLUSIONS

We have demonstrated that temporary tinnitus induced by
auditory deprivation by means of an earplug might be used
to assess tinnitus-related changes in the human auditory sys-
tem. We have assessed subcortical changes in neural
responses through ART measurements, and shown that
changes in ARTs through auditory deprivation are not speci-
fic for tinnitus. Therefore, the neurophysiological changes
underlying the decrease in ARTs might either not be related
to the occurrence of tinnitus, or they might be a necessary
component of the generation of a tinnitus precursor, but with
additional changes at a higher level of auditory processing
required to give rise to tinnitus.
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