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Abstract

Background: Rodent studies indicate that noise exposure can cause permanent damage to synapses between inner hair cells
and high-threshold auditory nerve fibers, without permanently atering threshold sensitivity. These demonstrations of what is
commonly known as hidden hearing loss have been confirmed in several rodent species, but the implications for human hearing
are unclear.

Objective: Our Medical Research Council-funded program aimsto address this unanswered question, by investigating functional
consequences of the damage to the human peripheral and central auditory nervous system that results from cumulative lifetime
noise exposure. Behaviora and neuroimaging techniques are being used in a series of parallel studies aimed at detecting hidden
hearing loss in humans. The planned neuroimaging study aimsto (1) identify central auditory biomarkers associated with hidden
hearing loss; (2) investigate whether there are any additive contributions from tinnitus or diminished sound tolerance, which are
often comorbid with hearing problems; and (3) explore the relation between subcortical functional magnetic resonance imaging
(fMRI) measures and the auditory brainstem response (ABR).

Methods: Individuals aged 25 to 40 years with pure tone hearing thresholds <20 dB hearing level over the range 500 Hz to 8
kHz and no contraindications for MRI or signs of ear disease will be recruited into the study. Lifetime noise exposure will be
estimated using an in-depth structured interview. Auditory responses throughout the central auditory system will be recorded
using ABR and fMRI. Analyseswill focus predominantly on correlations between lifetime noise exposure and auditory response
characteristics.

Results: This paper reports the study protocol. The funding was awarded in July 2013. Enrollment for the study described in
this protocol commenced in February 2017 and was completed in December 2017. Results are expected in 2018.

Conclusions: This challenging and comprehensive study will have the potential to impact diagnostic procedures for hidden
hearing loss, enabling early identification of noise-induced auditory damage via the detection of changes in central auditory
processing. Consequently, this will generate the opportunity to give personalized advice regarding provision of ear defense and
monitoring of further damage, thus reducing the incidence of noise-induced hearing loss.
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Introduction

Background and Rationale

Noise exposure is the main cause of preventable hearing loss
worldwide, asidentified by the World Health Organization [1].
Noise exposure can occur environmentally [2], occupationally
intheworkplace[3], and recreationally during personal leisure
time [4]. Damage from noise exposure can manifest at many
points along the auditory pathway, including the sensory hair
cellsin the cochlea, and the connections between hair cellsand
nerve cells (synaptopathy, [5]). Damage to the auditory nerve
can also lead to tinnitus (perception of sound in the absence of
external sound) and hyperacusis (diminished tolerance of
moderate- to high-level sounds) [6].

Controlled experiments on the effects of noise exposure on the
cochlea use an animal model of acute noise trauma. A striking
discovery showed that noise exposure can cause substantial
neural damage without areduction in threshold sensitivity. Mice
exposed to a100 decibel sound pressurelevel (dB SPL) stimulus
for just 2 hours permanently lost up to half of their hair-cell or
auditory-nerve synapses in certain frequency regions (cochlear
synaptopathy), despite a complete recovery of thresholds for
soundsin quiet [7]. Severa weeks after exposure, auditory-nerve
activity (as measured by electrophysiological auditory evoked
potentials; AEPs) was normal at low sound levels but reduced
at suprathreshold levels. This suggests that the damage affects
auditory nerve fibers with high thresholds, which are aso
thought to be the fibers that encode acoustic information at
medium to high levels and in background noise [8]. These
findings have been replicated inthe guineapig [9] and chinchilla
[10], suggesting a general mammalian effect. These studies
suggest that even moderate noise exposure can cause substantial
damage to the auditory nerve, while leaving hair cells
macroscopically intact. Particularly troubling isthat neuropathy
has also been reported in mice exposed to a stimulus of just 84
dB SPL (alevel of noise exposure that is below the Health and
Safety Executive action point for health surveillance) for 168
hours per 1 week [3,11]. However, confidence in this finding
isreduced by the observation that synaptic countsin the exposed
mice were similar to those of control mice in previous studies
[12]. Nevertheless, the prediction from these acute noise trauma
models is that human noise exposures, accumulated over a
lifetime, exert a similar causative effect by damaging the
synapses between the inner hair cells and the auditory nerve
fibers leading to nerve fiber degeneration.

Hearing ability istypically assessed using puretone audiometry,
which measuresthe ability to detect quiet sounds by determining
the threshold for single-frequency tones up to 8 kHz [13]. Until
recently, it had been assumed that hearing loss results mainly
from damage to the sensory hair cells in the cochlea [14].
However, theliterature cited here suggests that primary damage
to neural structures may precede hair cell loss and may not be
detectable by pure tone audiometry. Hence, cochlear
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synaptopathy with perceptual effects is sometimes referred to
as hidden hearing loss [15].

The auditory brainstem response (ABR) is the AEP of the
brainstem and vestibulocochlear nerve. The amplitude of each
peak of the ABR reflects the number and synchronicity of
neurons firing, and the latencies represent the speed of
transmission of the AEP [16]. The amplitudes of waves | and
V of the ABR, and often the wave I/V amplitude ratio are
reported, and either a reduction in the amplitude or the ratio
between these amplitudes has been related to tinnitus [16,17].
Conversely, other studies havefailed to replicate these findings
[18,19].

Noise exposure leads to sensorineural damage, which degrades
the information carried by the nerve from the ear to the brain
[14]. Studies[20,21] suggest that peoplewith ahistory of noise
exposure, but with normal pure tone audiometric thresholds,
experience problems with sound discrimination, particularly
understanding speech in noisy environments. For example,
noise-exposed workers demonstrated worse speech recognition
in the presence of multitalker babble at -5 dB signal-to-noise
ratio compared with controls[20], and high-risk college students
scored lower on word recognition in noisethan did their [ow-risk
counterparts [21]. However, contradictory to this, some studies
find no evidence of any link between noi se exposure and speech
perception deficits [22-24]. In addition to the immediate
perceptual deficits that may result from damage to auditory
nerve fibers and/or hair cells, it is known that noise damage
earlier in life exacerbates hearing problems associated with old
age[25]. Fromthis, itispossibletoinfer that cumulativelifetime
noise exposure may be predictive of hidden hearing loss due to
the effect of exposure on hair cell or auditory nervefiber aging.
Furthermore, cumulative lifetime noise exposure may be
predictive of tinnitus[19] and/or reduced sound-level tolerance.

The link between the physiological results and the perceptual
deficitsisasyet unclear, although some studies have small, but
significant, associations between synaptopathy and deficits in
auditory perception [26]. To date, however, we have found no
discernible relation between any property of the
electrophysiological ABR or frequency following response and
either (1) noise exposure or (2) tinnitusin young adult humans.
This has been determined from electrophysiological measures
and lifetime noise exposure reports in (1) a group of 126
participants (aged 18-36 years) with matched audiometric
thresholds up to 8 kHz [18] and (2) a group of 20 participants
exhibiting tinnitus, when compared with controls matched for
age and audiometry upto 14 kHz [19]. Itisimportant to consider
the literature when planning study design, and our protocol
specifically addresses the following aspects. First, the study
will collect cumulative lifetime measures of noise exposure, as
opposed to recent short-term noise exposure measures [27].
Second, the study will recruit alarge sample of 90 individuals
spanning a range of ages. Third, care will be taken to ensure
closely matched audiometric thresholds over the range of 500
Hz to 8 kHz, in contrast to the previous studies [17], and to
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assess high-frequency audiometric thresholds at 12 and 16 kHz
which may influence ABR amplitudes [16,19]. The key
extension compared with studies reported to date [18,19]
includes assessment of functional magnetic resonance imaging
(fMRI) measures from the brainstem, analogous to
electrophysiological brainstem measures described above, and
to perform this in a dlightly older cohort aged 25 to 40 years,
while still maintaining control on audiometric matching. From
this study, we hope to achieve greater sensitivity to detect a
relation between lifetime noise exposure and neurophysiol ogy.

Previous fMRI studies have shown increased responses to
auditory stimuli in the ascending auditory pathway and auditory
cortex of individuals perceiving tinnitus and reduced sound-level
tolerance [28-30]. This can be taken as evidence that
physiological correlates of tinnitus perception and sound-level
tolerance can be detected using fMRI. Additionaly, this
provides evidence for an association between central gain in
the ascending auditory pathway and tinnitus or reduced
sound-level tolerance. The overall aim of our 5-year research
program is to understand the damage to the human auditory
system that resultsfrom environmental noise, focusing on hidden
hearing loss that is not detected by standard hearing tests. Our
initial hypotheses are that noise exposure is associated with
abnormal gain in the ascending auditory pathway and also with
tinnitus, reduced sound-level tolerance, and impaired speech
perception.

Objectives

The primary objective of this neuroimaging experiment is to
identify any central auditory biomarkers associated with hidden
hearing loss. Specifically, we will determine whether fMRI
techniques can detect physiological changes in the central
auditory system of individuals with normal audiometric
thresholds that are statistically associated with the degree of
cumulative lifetime noise exposure. These changes are
hypothesized to be detected in structures of the ascending
auditory pathway, comprising the cochlear nucleus (CN),
inferior colliculus (IC), media geniculate body (MGB), and
primary auditory cortex. We hypothesize that lifetime noise
exposurewill be associated with abnormal gainin the ascending
auditory pathway, that is, increased fMRI response to auditory
stimuli. To test this, we will first determine whether there are
any differences between low and high noise exposure groups
in the fMRI responses to broadband noise in the above key
anatomically defined regions. Thereafter, wewill assesswhether
thereisany correlation between lifetime units of noise exposure
and fMRI responses in the same regions.

A secondary objective is to investigate whether there are any
additive contributionsto these physiol ogical changes attributable
to tinnitus or diminished sound-level tolerance, conditionswhich
are often comorbid with hearing problems.

A further secondary objectiveisto test the hypothesisthat noise
exposure is associated with a reduction of the ABR wave |
and/or a reduction of the wave I/V amplitude ratio across low
and high noise exposure groups, closely matched for audiometric
thresholds.
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Finally, this study will provide an opportunity to explore the
relationship between ABR and fMRI measuresin the ascending
auditory pathway.

Study Design

This study is designed to assess differencesinindividua fMRI
responses in hypothesized, anatomically defined regions that
may relate to units of lifetime noise exposure while controlling
for age and audiometric threshold. Sound-related fMRI
responses will be examined for differences that correlate with
noise exposure using an analysis of variance (ANOVA).
Presence of tinnitus and reduced sound-level tolerance will also
be considered asfactors of interest. Participantswill be grouped
in a factorial analysis, where the factors are noise exposure,
tinnitus, and reduced sound-level tolerance.

The Organization for Human Brain Mapping Committee on
Best Practice in Data Analysis and Sharing [31] states that
reproducibility of fMRI studies can beimproved by the process
of preregistration [32]. Furthermore, there is a growing
precedent for publishing fMRI protocols before completion
[33]. Inlight of this, the methods here are reported in sufficient
detail that they may be fully replicated and that any future
publications resulting from this study can be cross-referenced
to this paper.

Methods

Participants, I nterventions, and Outcomes

Study Setting

The study protocol has been approved by the University of
Nottingham School of Medicine Research Ethics Committee
and will be conducted in accordance with these ethicaly
approved procedures (reference: B/1207/2016). The study is
part of a 5-year program that has been funded by the Medical
Research Council (MRC) (grant number: MR/L003589/1
awarded to the University of Manchester). Progressis reported
and monitored at annual Advisory Panel meetings attended by
researchersat both universities, aswell asarepresentative from
the charity Action on Hearing Loss.

The magnetic resonance imaging (MRI) scanning will be
conducted at the Sir Peter Mansfield Imaging Centre (SPMIC),
atrandational imaging center at the University of Nottingham.
The dataanalysiswill be conducted at the SPMIC and National
Institute for Health Research Nottingham Biomedical Research
Centre. All procedures will be performed by a member of
research staff at the University of Nottingham. All study
participants will give written informed consent.

Eligibility Criteria

Healthy adult volunteers aged 25 to 40 years will be included
in the study. Participants will have clinically norma hearing
thresholds as per BSA guidance on pure tone audiometry [13],
that is, 20 dB hearing level or below from 500 Hz to 8 kHz.
Exclusion criteria are contraindications for undergoing MRI,
and signs of conductive hearing loss or ear disease identified
by otoscopy and tympanometry [34]. Furthermore, any
participants reporting exposure to explosions (large infantry
weapons, light artillery or antiaircraft guns, large artillery
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weapons or haval guns, explosions) will be excluded from the
study.

Participant Timeline

Table 1 shows a schematic diagram of the time schedule of
enrollment and assessments for participants based on the
Standard Protocol Items. Recommendations for | nterventional
Trials (SPIRIT) guidelines for reporting protocols of clinical
trials[35].

Sample Size

In total, up to 90 individuals will be recruited into the study to
one of two groups, depending on the noise exposure of the
individuals recruited. Statistical power in fMRI research is
influenced by 10 parameters, including study design and
temporal autocorrelation [36,37], and we estimate that 30
individuals per group will provide acceptable reliability to
differentiate between the groups with 80% power.

Recruitment

Recruitment will be stratified to ensure a balanced distribution
of age and gender in each of the noise exposure groups. For
example, wewill aim for equal numbers of individual sreporting
high and low noise exposure in the age ranges of 25 to 27, 28
to 30, 31 to 33, 34 to 36, and 37 to 40 years. Recruitment is
expected to close in December 2017.

Participantswill be recruited through advertisements displayed
in public areas of University buildings (eg, library noticeboards,
departmental noticeboards allocated to recruitment leaflets), on
noticeboards in other public and private buildings (with the
owners consent), Internet message boards, departmental
websites, social media, local radio, and community magazines.
We will specifically target buildings associated with activities
that incur noise exposure, for example, music technology
departments and live music venues.

Dewey et a

Potential participants will be given an electronic copy of the
information sheet, informed consent form, and MRI
safety-screening questionnaire at least 24 hours before
participating in the study to ensure that they have adequate
opportunity to consider what isinvolved in the study. On arrival
at the SPMIC, participants will be given paper copies of all
study materials.

Data Collection, Management, and Analysis

Screening Procedure

Suitability to undergo MRI will be determined by completion
of a 19-item self-report screening questionnaire including
questions about surgical history, implants and foreign bodies,
epilepsy or blackouts, claustrophobia and tinnitus, tattoos, and
willingnessto remove all metal (eg, body-piercing jewelry, false
teeth, hearing aid). Participants who do not meet the safety
requirements and data-quality requirements for scanning will
not be included in any part of the study.

The participant will undergo audiometry to determine hearing
thresholds. Audiometry will be performed in a soundproof
environment, free from distractions. Stimuli will be presented
using an M-Audio M-Track Quad external sound card
(M-Audio, Cumberland, Rhode Island, USA) over Sennheiser
HDA 300 audiometric headphones suitable for high-frequency
audiometry (Sennheiser electronic GmbH & Co KG, Wedemark,
Germany). Stimuli will be generated using in-house software
writtenin Matlab (version 2016a, The MathWorksInc., Natick,
Massachusetts). Audiometry will be performed using a
two-interval, two-aternative forced choice visualy cued
adaptive paradigm with atwo-down one-up rule and astep size
of 2 dB. The adaptive procedure will be stopped after 12
reversals, and the geometric mean of the signal level at the last
eight reversals will be computed.

Table 1. Time schedule of enrollment and assessments for participants based on the SPIRIT guidelines. Questionnaires address biographica data,
tinnitus and intrusiveness of tinnitus, hearing, and reduced sound-level tolerance.

Interaction Email exchange Study period
Pre-enrollment (timepointt_;) Enrollment (timepoint t;)  Assessment (timepoint ty)
Enrollment
Screen for age and MRI® contraindications X

Informed consent
Otoscopy and tympanometry
Audiometry
Assessments
Questionnaires

Structured interview for lifetime noise exposure
ABRP

fMRI®

3MRI: magnetic resonance imaging.
bABR: auditory brainstem response.
%MRI: functional magnetic resonance imaging.
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This paradigm will be used to establish monaural thresholds,
in the left ear, followed by the right ear, at frequencies of 0.25,
0.5,1.0,2.0,3.0,4.0, 6.0, 8.0, 12.0, and 16.0 kHz. Stimuli used
at frequencies 250 Hz to 8 kHz will be sinusoidal pure tones.
Stimuli used at frequencies 12 and 16 kHz will be half-octave
narrowband noise, to minimize the influence of ear canal
resonances and threshold microstructure on measured thresholds.

Data Collection Methods: Lifetime Noise Exposure

Total noise exposure units will be estimated using a structured
interview informed by the Noise Exposure and Rating
Questionnaire [3]. Cumulative noise exposure over thelifetime
will be assessed by a methodical and systematic approach,
including noise exposure accrued in the settings of (1)
occupational and educational, (2) social, and (3) gunshot and
explosive noises.

For each setting, the participant will be asked to identify
activities they engage in, in environments estimated to exceed
80 dB(A). For each activity, the participant will then be asked
to estimate the level of exposure using a vocal effort scale
comprising six different levels of voca effort ranging from
“raised voice” (87 dB(A)) to “shouting close to listener’'s ear”
(110 dB(A)). The participant will then be asked to estimate the
duration for which they were in that environment/engaging in
that activity, breaking this down into number of years, number
of weeks per year, number of days per week, and number of
hours per day. Finaly, the participant will be asked to recall
whether or not ear protection was used, what type of protection
it was, and the proportion of time for which that ear protection
was effective.

Data Collection Methods. Questionnaires

Participants will complete 3 questionnaires on (1) biographical
data, including handedness, ethnicity, employment status and
education; (2) tinnitus and hearing, including reduced
sound-level tolerance, using the Tinnitus and Hearing Survey
[38]; and (3) tinnitus intrusiveness, using the intrusiveness
subscale of the Tinnitus Functional Index [39].

Data Collection Methods: Auditory Brainstem Response

Electrical activity will be recorded from all participants using
the BioSemi ActiveTwo multichannel el ectroencephal ography
(EEG) system with active electrodes (BioSemi BV, Amsterdam,
Netherlands). Three channels will be used; electrodes will be
attached to the (1) vertex/Cz, (2) right mastoid, and (3) left
mastoid with 10/20 electrode paste. Additional electrodes will
be attached to the forehead, lessthan 3 inches apart, to form the
ground (Common Mode Sense and Driven Right Leg).

Stimuli will be generated using in-house software written in
Matlab and the same external sound card as for audiometry.
Stimuli will be transmitted via shielded Etymotic ER3A
transducers with disposable insert foam ear tips. ABR stimulli
will consist of single-polarity high-passfiltered clicks (using a
first-order Butterworth filter with high-pass cut-off=1.4 kHz)
presented at 102 dB peak equivalent SPL. Click presentation

will alternate between ears, at arate of 22 s (11 s * per ear)
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for a total of 7000 clicks per ear. The recording will last
approximately 10 min.

Recording will be performed in an electrically shielded,
darkened, soundproof room. Participants will be lying flat or
near-flat and covered with a blanket. Participants will be
instructed to close their eyes, relax as much as possible, and
told that they should feel free to fall asleep if they are able.
Stimuli will be presented near-continuously throughout the
relaxation and recording period. Recording will only commence
when the EEG trace has stabilized and motion artifacts have
subsided.

Data Callection Methods. Magnetic Resonance | maging

fMRI will assess auditory responses from changes associated
with cerebral blood flow, volume, and oxygenation using
Blood-Oxygen-Level Dependent (BOLD) contrast. BOLD
responses in hypothesized cortical and subcortical regions of
interest (namely the primary auditory cortex and subcortical
regions of CN, IC, and MGB) will be assessed on a
subject-by-subject basis.

Scanning

All MRI measuresfor this study will be performed on a Philips
3.0 T Ingenia MR scanner (Philips Healthcare, Best,
Netherlands) using a 32-element sensitivity encoding (SENSE)
head coil. Subjects will wear noise-canceling headphones for
the fMRI acquisition (see Simulus Presentation below). A
schematic of the MRI protocol is shown in Figure 1.
Physiological datawill be acquired throughout the scan session
using respiratory bellows and a peripheral pulse unit for the
purpose of performing RETROICOR (retrospectiveimage-based
correction; [40]) on the functional images to correct for
physiological artifacts.

Functional MRI will be collected using a gradient echo (GE)
echo-planar imaging (EPI) acquisition with high 1.5-mm
isotropic spatial resolution and an echo time, TE, of 35 ms; flip
angle of 90°; parallel imaging with SENSE factor of 2.5; field
of view of 34.5 x 34.5 mm and arepetitiontime, TR, of 2s. In
total, 23 contiguous slices will be acquired with equidistant
temporal slice spacing and descending slice scan order. Slices
will be planned in a coronal oblique orientation to provide
coverage of the brainstem and Heschl’s gyrus. Four fMRI runs
will be collected in the scan session.

Before the main study fMRI runs, afunctional localizer will be
performed to confirm that the placement of the imaging slab
includes the primary auditory areas. Responses will be elicited
in these areas using a 10-Hz amplitude-modulated broadband
noise stimulus of duration 24 s with a 40-s rest period, for a
total of four repeats. To maximize statistical power of the
functional localizer scan to detect activity in the primary
auditory cortex, images will be acquired at a coarser spatial
resolution of 2 mm isotropic and with a sparse repetition time,
TR, of 8 s to ensure that auditory activation induced by the
scanner noise has minimal influence [41].
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Figure 1. Schematic of the magnetic resonance imaging (MRI) protocol used in the study. fMRI: functional magnetic resonance imaging; TE: echo
time; FLASH: fast low angle shot; MPRAGE: magnetization prepared rapid acquisition gradient echo.

Time MRI scan modality Duration
1:10 Survey 1:10
5:42 Functional localizer 4:32
15:42 fMRIrun 1 10:00
25:42 fMRI run 2 10:00
35:42 fMRIrun 3 10:00
45:42 fMRI run 4 10:00
45:54 2 dynamics reversed fat shift 0:12
46:06 2 dynamics increased TE 0:12
> 46:48 > FLASH > 042
48:25 MPRAGE 1:37
GIVE PARTICIPANT EARPLUGS
1:10 Survey 1:10
8:12 T2-weighted anatomical 7:02

Following the fMRI acquisition, additional images will be
acquired for image distortion correction in the preprocessing
stage, particularly important for studying group responses in
the brain stem. This requires the acquisition of additional EPI
image volumes with each of the following modifications: (1)
reversal of thefat-shift direction, that is, right as opposed to left
and (2) TE increase of 2 ms, that is, 37 ms as opposed to 35 ms.
Figure 2 shows uncorrected EPI distortion side by side with an
image that has been distortion corrected. To assist with linear
coregistration of images between image types or contrasts, and
for nonlinear coregistration to standard anatomical Montreal
Neurological Institute (MNI) space (MNI, Template; Montreal
Neurological Institute, Montreal, Canada), a distortion-free
three-dimensional (3D) fast low angle shot (FLASH; [42]) image
will be acquired with the same spatial resolution and geometry
asthe fMRI GE-EPI scanswith a TE of 20 ms, TR of 880 ms,
and flip angle of 18°. In addition, awhole-brain 3D anatomical
magnetization prepared rapid acquisition gradient echo
(MPRAGE) acquisition also with the same resolution and
angulation as the GE-EPI datawill be collected.

Following this session, the participants will be withdrawn from
the MR scanner, and alowed to sit up and wak around if
desired. They will then be given earplugsfor insertion to ensure
participant comfort before commencing afurther scan to collect
a high-resolution anatomical image. This will be a 3D
T,-weighted turbo spin echo, TSE with TE of 278 ms, a TR of
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2000 ms, and flip angle of 90°; with afield of view of 249 x
249 x 72 mm and reconstructed voxel size of 0.576 mm®.

Stimulus Presentation

The level of acoustic scanner noise during the high-resolution
fMRI scansisreported by the scanner software to be 111.1 dB
SPL. Auditory stimuli will be presented using the OptoActive
Active Noise Cancellation Headphones system (Optoacoustics
Ltd., Moshav Mazor, Isragl). This provides MR-compatible
ddivery of high-quality soundsthrough circumaural headphones
combined with 24-dB ear-defenders for passive attenuation of
the scanner sound. Following an initial 16-s learning period,
the active noi se cancell ation reduces the effective scanner sound
to approximately 70 dB (accounting for both passive and active
attenuation). Stimuli will consist of broadband noise, filtered
(using afirst-order Butterworth filter) between 1.4 and 4.1 kHz,
and presented at 85 dB SPL.

Following an initial rest period (which includes the learning
period for active noise cancellation), broadband noise will be
presented for 24 s followed by a 42-s rest period. The task is
passive listening and the stimuluswill be presented for 8 repeats
per run of 296 dynamics (10 min). A total of four 10-minfMRI
runs will be performed, interspersed with a period of rest in
which theresearcher can communicate with the participant, and
comfort can be ensured.
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Figure 2. The effect of echo-planar imaging (EPI) distortion correction on the image. An uncorrected, distorted EPI (left) and corrected image (right).

A fixation cross will be presented using a 32" BOLDscreen
with a 1920x1080 widescreen LCD display (Cambridge
Research Systems Ltd., Rochester, UK); subjectswill view the
screen using a mirror attached to the head coil placed
approximately 10 cm from the face, will be instructed to
maintain fixation on the cross throughout the functional scans,
and will bereminded to do o at the beginning of each functional
run.

Data Management

All datawill be anonymized at source. All electronic data will
be stored on a secure remote data storage drive maintained and
backed up by the University of Nottingham.

Data Preprocessing and Analysis

Lifetime Noise Exposure Data

Total noise exposure units will be calculated for each activity
using the equation shownin Figure 3[ 3], where Y isthe number
of years of exposure, W the number of weeks per year of
exposure, D the number of days per week of exposure, H the
number of hours per day of exposure, L the level of exposure,
indB (A), as estimated by the participant, A the attenuation of
hearing protective equipment (dB), and P the proportion of time
protective equipment was worn, between 0 and 1. Unitsfor all
activities will be calculated and then summed to give a
participant’s total lifetime noise exposure, a measure linearly
related to total energy of exposure above 80 dB(A).

Auditory Brainstem Response Data Preprocessing and
Analysis

ABR data will be processed using software coded in Matlab,
using a procedure informed by Guest et a [19]. For each ear,
the time-course of the potential difference between Cz and the
ipsilateral mastoid will be filtered (using a fourth-order
Butterworth filter between 30 Hz and 1.5 kHz) and divided into
epochs extending from 10 ms prestimulus to 13 ms post
stimulus, after correcting for the 0.91 ms acoustic delay
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introduced by the tube connecting the transducer to the ear.
Epochs with a root-mean-square amplitude of more than 2
standard deviations above the mean will be rgjected. Data will
then be averaged and the resulting waveform linearly detrended.
An automatic peak-picking algorithm will then identify waves
| and V of the ABR for each ear based on the time windows
givenin Table 2.

A secondary hypothesis focuses on differencesin ABR wave |
amplitude and in wave I/V amplituderatio acrosslow and high
noise exposure groups. To answer this research question,
individual ABR waveforms will be obtained for each ear
separately. We will explore effects of the laterality of click
presentation. To do this, we will perform a mixed ANOVA of
derived measures (amplitude, latency) from each ear, with left
and right ears as a within-subject factor and noise exposure as
a between-subjects factor.

Magnetic Resonance I mage Preprocessing

Image preprocessing will be performed using FSL version 5
brain-mapping software (Functional Magnetic Resonance
Imaging of the Brain, FMRIB, Anaysis Group, Oxford
University, UK), SPM12 (Statistical Parametric Mapping
version 12, Wellcome Trust Centre for Neuroimaging,
University College London, UK), and in-house software
toolboxes coded in Matlab. For individual participants, thefMRI
timeserieswill first undergo motion correctionin SPM12. Data
will then be distortion corrected using FSL's TOPUP a gorithm
[43,44]. Datawill then undergo physiological artifact correction
for respiratory and cardiac effects using RETROICOR [40].
Following this, datawill be spatially smoothed using a Gaussian
kernel of full-width half-maximum 2 mm. Binarized masks of
white matter and cerebrospinal fluid will be formed from the
MPRAGE image using the segmentation tool in SPM12 and
threshold at a level of 0.99999. These masks will be used to
calculate mean time courses of white matter and cerebrospinal
fluid (CSF) for use as nuisance covariatesin the general linear
model (GLM).
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Figure 3. Calculation of total noise exposure units, where Y is the number of years of exposure, W the number of weeks per year of exposure, D the
number of days per week of exposure, H the number of hours per day of exposure, L the level of exposure, in dB (A), as estimated by the participant,

A the attenuation of hearing protective equipment (dB), and P the proportion of time protective equipment was worn, between 0 and 1.

Y xW XD XH

total units = X

2080

L—A—90

L—-90
Px10710 +4+(1—-P) x10 10 ]

Table 2. Time windows used to constrain auditory brainstem response peak-picking algorithm.

ABR feature Time window

Wave | peak 1.55-2.05 ms after stimulus peak
Wave | trough 0.3-1.0 ms after wave | peak
Wave V peak 5.1-6.6 ms after stimulus peak
WaveV trough Baseline—see explanation in [19]

Individual subject data coregistration between the fMRI
timeseries and the standard anatomical template will first be
performed using the distortion-free MPRAGE/FLASH images,
generating a matrix transform. This transform will then be
applied to individual statistical parametric maps (SPMs) for
region-of-interest (ROI) analyses in group or MNI space. This
will allow the use of prespecified anatomically defined binary
image masks of ROIsinthe CN, IC, and MGB of the ascending
auditory pathway, and additionally primary auditory cortex.

For interrogation of the sound-related activity at an individual
level, ROIs can additionally be defined on high-resolution
anatomical images. Coregistration between individuas
anatomical scan and the fMRI timeseries will be performed
using the distortion-free MPRAGE image, generating a matrix
transform. Thistransform will then be applied to the hand-drawn
ROI volumes for use on the fMRI timeseries. This may be
preferablefor analysesinvolving subcortical anatomical regions,
as it will take into account the intersubject anatomical
differencesin the brainstem.

Functional Magnetic Resonance Imaging (fMRI) Data
Analysis

Statistical analyses will be performed in SPM 12 using a GLM
which specifies the onset, offset, and duration of the auditory
stimulus as predictor variables of interest, and the 6
motion-correction parameters and mean time courses of both
white matter and CSF as nuisance covariates. Three predictor
variables are required to optimally describe the shape of the
fMRI response, which is known to change at different stages
of the auditory pathway from aresponse that is sustained over
the stimulus duration (eg, in the CN, IC) to one that is phasic
with peaksjust after stimulus onset and offset (eg, inthe MGB,
cortex) [45].

The fit of the individual fMRI timeseries to this GLM will be
calculated and SPMs corresponding to the stimulus onset, offset,
and duration will be generated for each participant. These SPMs
contain information about the parameter estimates in the form
of voxel-wise beta estimates for each predictor variable.

The primary objective is to identify any central auditory
biomarkers associated with the estimate of cumulative lifetime

http://www.researchprotocols.org/2018/3/e79/

noise exposure. Thisquestion will be addressed using 2 analysis
strategies, each using aquantification of the sound-related fMRI
responsesin the predesignated ROIs. First, the individual SPM
outputs will form the input to a second-level GLM that will
account for intersubject variability acrossthe sample. The model
will again specify the onset, offset, and duration of the auditory
stimulus as within-subject factors and with low- and high-risk
noi se exposure as a between-subject factor. This GLM will test
the question of whether there are group differences in
sound-related activity. The statistical significance of thefindings
generated by this model will be interpreted after applying a
small volume correction using the group-level ROIs. Second,
theindividual SPMswill beinterrogated to quantify the average
parameter estimate (betavalue) withintheindividual-level ROIs,
separately for the 3 predictor variables of interest. Simplelinear
regression analyses will be performed using units of noise
exposure as a continuous regressor, and age as a regressor of
no interest, to explain the variance in sound-related activity.

A secondary objective is to investigate whether there are any
additive contributionsto these physiol ogical changesattributable
to tinnitus or diminished sound-level tolerance, conditionswhich
are often comorbid with hearing problems. Thelinear regression
model will be expanded to a stepwise multiple regression
modeling to examine the relative additional contributions of
tinnitus and reduced sound-level tolerance to the total variance
explained.

Missing Data

Any participants that have contraindications for MRI will be
excluded as stated in the protocol. Analyses will be based on
all observed data, but the study team will be particularly vigilant
to reduce missing data. The number of these participants
excluded, and those with missing data, will be reported in
subsequent publications.

Incidental Findings

As the individuals this study aims to recruit are healthy, it is
extremely unlikely that any MRI scan will show an abnormality.
Furthermore, MRI scans will not be routinely inspected by a
neuroradiologist. However, if aresearcher working on the study
did suspect that there was something abnormal on a scan, then
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the images will be sent to a neuroradiologist who will contact
the participant’s GP if they decide that the scan needs further
investigation.

Likewise, as the study aims to recruit individuals with normal
hearing, it is not anticipated that any hearing |osses measured
will be severe enough to warrant concern or further
investigation. If any individual is concerned by the outcome of
investigation by audiometry, tympanometry, or otoscopy, the
participant will be recommended that they should see their GP
or visit an audiologist.

Results

The MRC-funded program was awarded in July 2013.
Enrollment for the study described in this protocol commenced
in February 2017 and was completed in December 2017. Results
are expected in 2018.

Discussion

Dissemination Plan

To ensure maximum reach of results throughout the clinical
and research communities, al work will be presented at the
annual conferences of the British Society of Audiology, the
Association for Research in Otolaryngology, the Tinnitus
Research Initiative, and the International Society of Magnetic
Resonance in Medicine, and published in peer-reviewed
otolaryngology and neuroimaging journals, with Open Access.
Additionally, plain language descriptions of the key findings
and clinical implicationswill be summarized in newslettersand
socia mediachannels published by patient-facing organizations
such as American Tinnitus Association, Action on Hearing
Loss, British Tinnitus Association, and TinnitusHub.
Anonymized raw or processed data can be made available to
interested partiesthrough communication with the corresponding
author.
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Conclusions

The imaging study described in this protocol seeksto provide
the first comprehensive characterization of the physiological
effects of noise exposure on the brains of audiometrically normal
humans within major structures of the ascending auditory
pathway. Our findings have the potential to inform diagnosis
and prevention of hearing problems due to noise exposure. In
thisfinal section, we speculate on what those future gains might
be. With respect to diagnosis, the results of this study have the
potential to lead to patient benefit through early identification
of cochlear damage not yet measurable by pure tone audiometry.
Depending on our findings, it may be that in the future, such
MRI and ABR procedures should always be used in conjunction
with other available objective clinical diagnostics, such as
otoacoustic emission testing, which can be important for
determining subclinical dysfunctions at the level of the outer
hair cells, efferent feedback control system, and the
olivocochlear nucleus[18]. Assuch, individual s presenting with
symptoms characteristic of hidden hearing loss or early signs
of noise-induced cochlear synaptopathy may be offered amore
informative investigation with the potential of a more specific
diagnosis. With respect to prevention, identification of at-risk
individuals through early detection will enable improved and
personalized health care advice, promoting behaviors that
improve long-term hearing health, such asincreased use of ear
protection. Additionally, evidence from this research can be
used to determine exposure levels that are safe for the majority
of individuals. This may lead to an alteration (lowering) of the
current occupational noise exposure guidelines or regulations,
and increased monitoring of individuals who approach unsafe
exposure level s, with the advantage of greater diagnostic power
afforded by the techniques outlined in this report. These latter
two mechanismsin turn will lead to prevention of noise-induced
hearing loss, thereby reducing the demands on health care
resources.

Thiswork is supported by the Medical Research Council (grant number MR/L003589/1).

Conflictsof Interest

None declared.

References

1.  World Health Organization. 1997. Prevention of Noise-Induced Hearing Loss URL : http://www.who.int/pbd/deaf ness/
activities/strategies/en/ [accessed 2018-02-24] [WebCite Cache ID 6xTetr8Bf]

2. World Health Organization, Regional Officefor Europe. 2011. Burden of disease from environmental noise. Quantification
of healthy lifeyearslost in Europe URL: http://www.euro.who.int/__data/assets/pdf _file/0008/136466/€94888.pdf [accessed
2018-02-21] [WebCite Cache ID 6xPfZbYj4]

3. Lutman ME, Davis AC, Ferguson MA. Health and Safety Executive. 2008. Epidemiological evidence for the effectiveness
of the noise at work regulations URL : http://www.hse.gov.uk/research/rrpdf/rr669.pdf [accessed 2018-02-24] [WebCite
Cache ID 6xTf6Yi8Q)]

4.  European Commission. 2008. Potentia health risks of exposure to noise from personal music players and mobile phones
including a music playing function Preliminary report URL: http://ec.europa.eu/health/ph_risk/committees/04_scenihr/
docs/scenihr_o_017.pdf [accessed 2018-02-21] [WebCite Cache ID 6xPfv2s9P]

5. Eggermont JJ. Effects of long-term non-traumatic noise exposure on the adult central auditory system. Hearing problems

http://www.researchprotocols.org/2018/3/e79/

RenderX

without hearing loss. Hear Res 2017 Sep;352:12-22. [doi: 10.1016/].heares.2016.10.015] [Medline: 27793584]

JMIR Res Protoc 2018 | vol. 7 | iss. 3| e79 | p. 9
(page number not for citation purposes)


http://www.who.int/pbd/deafness/activities/strategies/en/
http://www.who.int/pbd/deafness/activities/strategies/en/
http://www.webcitation.org/

                                            6xTetr8Bf
http://www.euro.who.int/__data/assets/pdf_file/0008/136466/e94888.pdf
http://www.webcitation.org/

                                            6xPfZbYj4
http://www.hse.gov.uk/research/rrpdf/rr669.pdf
http://www.webcitation.org/

                                            6xTf6Yi8Q
http://www.webcitation.org/

                                            6xTf6Yi8Q
http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/scenihr_o_017.pdf
http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/scenihr_o_017.pdf
http://www.webcitation.org/

                                            6xPfv2s9P
http://dx.doi.org/10.1016/j.heares.2016.10.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27793584&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Dewey et a

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Hickox AE, Liberman MC. Is noise-induced cochlear neuropathy key to the generation of hyperacusis or tinnitus? J
Neurophysiol 2014 Feb;111(3):552-564 [ FREE Full text] [doi: 10.1152/jn.00184.2013] [Medline: 24198321]

Kujawa SG, Liberman MC. Adding insult to injury: cochlear nerve degeneration after “temporary” noise-induced hearing
loss. JNeurosci 2009 Nov 11;29(45):14077-14085 [FREE Full text] [doi: 10.1523/INEUROSCI.2845-09.2009] [Medline:
19906956]

Young ED, Barta PE. Rate responses of auditory nerve fibers to tones in noise near masked threshold. J Acoust Soc Am
1986 Feb;79(2):426-442. [Medline: 3950195]

Lin HW, Furman AC, Kujawa SG, Liberman MC. Primary neural degeneration in the Guinea pig cochlea after reversible
noise-induced threshold shift. J Assoc Res Otolaryngol 2011 Oct;12(5):605-616 [FREE Full text] [doi:
10.1007/s10162-011-0277-0] [Medline: 21688060]

Sayles M, Walls MK, Heinz MG. Suppression measured from chinchilla auditory-nerve-fiber responses following
noise-induced hearing loss: adaptive-tracking and systems-identification approaches. Adv Exp Med Biol 2016;894:285-295
[FREE Full text] [doi: 10.1007/978-3-319-25474-6_30] [Medline: 27080669]

Maison SF, Usubuchi H, Liberman MC. Efferent feedback minimizes cochlear neuropathy from moderate noise exposure.
JNeurosci 2013 Mar 27;33(13):5542-5552 [ FREE Full text] [doi: 10.1523/INEUROSCI.5027-12.2013] [Medline: 23536069]
LePrell CG, Brungart DS. Speech-in-noisetests and supra-threshold auditory evoked potential s as metrics for noise damage
and clinical trial outcome measures. Otol Neurotol 2016 Dec;37(8):€295-e302. [doi: 10.1097/MAQ.0000000000001069]
[Medline: 27518138]

British Society of Audiology. 2011. Recommended Procedure: Pure-tone air-conduction and bone-conduction threshold
audiometry with and without masking URL : http://www.thebsa.org.uk/wp-content/upl oads/2014/04/
BSA_RP_PTA_FINAL_24Sept1l MinorAmendO6Febl2.pdf [accessed 2018-02-24] [WebCite Cache ID 6xTfbUsNS]
Borg E, Canlon B, Engstrom B. Noise-induced hearing loss. Literature review and experiments in rabbits. Morphological
and electrophysiological features, exposure parameters and temporal factors, variability and interactions. Scand Audiol
Suppl 1995;40:1-147. [Medline: 7732328]

Zhao F, Stephens D. Hearing complaints of patients with King-Kopetzky syndrome (obscure auditory dysfunction). Br J
Audiol 1996 Dec;30(6):397-402. [Medline: 8985564]

Milloy V, Fournier P, Benoit D, Norefia A, Koravand A. Auditory brainstem responsesin tinnitus: a review of who, how,
and what? Front Aging Neurosci 2017;9:237 [FREE Full text] [doi: 10.3389/fnagi.2017.00237] [Medline: 28785218]
Schaette R, McAlpineD. Tinnituswith anormal audiogram: physiological evidencefor hidden hearing loss and computational
model. JNeurosci 2011 Sep 21;31(38):13452-13457 [FREE Full text] [doi: 10.1523/INEUROSCI.2156-11.2011] [Medline:
21940438]

Prendergast G, Guest H, Munro KJ, Kluk K, Léger A, Hall DA, et al. Effects of noise exposure on young adults with normal
audiograms I: electrophysiology. Hear Res 2017 Feb;344:68-81 [FREE Full text] [doi: 10.1016/j.heares.2016.10.028]
[Medline: 27816499]

Guest H, Munro KJ, Prendergast G, Howe S, Plack CJ. Tinnitus with a normal audiogram: relation to noise exposure but
no evidencefor cochlear synaptopathy. Hear Res 2017 Feb;344:265-274 [FREE Full text] [doi: 10.1016/j.heares.2016.12.002]
[Medline: 27964937]

Kumar UA, Ameenudin S, Sangamanatha AV. Temporal and speech processing skillsin normal hearing individual s exposed
to occupational noise. Noise Health 2012;14(58):100-105 [FREE Full text] [doi: 10.4103/1463-1741.97252] [Medline:
22718107]

Liberman MC, Epstein MJ, Cleveland SS, Wang H, Maison SF. Toward a differential diagnosis of hidden hearing lossin
humans. PLoS One 2016;11(9):e0162726 [FREE Full text] [doi: 10.1371/journal.pone.0162726] [Medline: 27618300]
Le Prell GC, Laobarinas E. No relationship between recreational noise history performance on the words-in-noise (WIN)
test in normal hearing young adults. J Assoc Res Otolaryngol 39th Midwinter Meeting: San Diego, CA 2016:68.

Guest H. Listening difficultiesin noise despite normal audiometric thresholds: no evidence for cochlear synaptopathy and
no relation to lifetime noise exposure. Unpublished 2018 (forthcoming).

Prendergast G, Millman RE, Guest H, Munro KJ, Kluk K, Dewey RS, et a. Effects of noise exposure on young adults with
normal audiograms |1: behaviora measures. Hear Res 2017 Dec;356:74-86 [FREE Full text] [doi:
10.1016/j.heares.2017.10.007] [Medline: 29126651]

Gates GA, Schmid P, Kujawa SG, Nam B, D'Agostino R. Longitudinal threshold changesin older men with audiometric
notches. Hear Res 2000 Mar;141(1-2):220-228. [Medline: 10713509]

Bharadwa] HM, Verhulst S, Shaheen L, Liberman MC, Shinn-Cunningham BG. Cochlear neuropathy and the coding of
supra-threshold sound. Front Syst Neurosci 2014;8:26 [FREE Full text] [doi: 10.3389/fnsys.2014.00026] [Medline: 24600357]
Stamper GC, Johnson TA. Auditory function in normal-hearing, noise-exposed human ears. Ear Hear 2015;36(2):172-184
[FREE Full text] [doi: 10.1097/AUD.0000000000000107] [Medline: 25350405]

Gu JW, Halpin CF, Nam E, Levine RA, Méelcher JR. Tinnitus, diminished sound-level tolerance, and elevated auditory
activity in humanswith clinically normal hearing sensitivity. JNeurophysiol 2010 Dec;104(6):3361-3370 [FREE Full text]
[doi: 10.1152/jn.00226.2010] [Medline: 20881196]

http://www.researchprotocols.org/2018/3/e79/ JMIR Res Protoc 2018 | vol. 7 | iss. 3| €79 | p. 10

(page number not for citation purposes)


http://europepmc.org/abstract/MED/24198321
http://dx.doi.org/10.1152/jn.00184.2013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24198321&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=19906956
http://dx.doi.org/10.1523/JNEUROSCI.2845-09.2009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19906956&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3950195&dopt=Abstract
http://europepmc.org/abstract/MED/21688060
http://dx.doi.org/10.1007/s10162-011-0277-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21688060&dopt=Abstract
http://europepmc.org/abstract/MED/27080669
http://dx.doi.org/10.1007/978-3-319-25474-6_30
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27080669&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=23536069
http://dx.doi.org/10.1523/JNEUROSCI.5027-12.2013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23536069&dopt=Abstract
http://dx.doi.org/10.1097/MAO.0000000000001069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27518138&dopt=Abstract
http://www.thebsa.org.uk/wp-content/uploads/2014/04/BSA_RP_PTA_FINAL_24Sept11_MinorAmend06Feb12.pdf
http://www.thebsa.org.uk/wp-content/uploads/2014/04/BSA_RP_PTA_FINAL_24Sept11_MinorAmend06Feb12.pdf
http://www.webcitation.org/

                                            6xTfbUsN5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7732328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8985564&dopt=Abstract
https://dx.doi.org/10.3389/fnagi.2017.00237
http://dx.doi.org/10.3389/fnagi.2017.00237
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28785218&dopt=Abstract
http://www.jneurosci.org/cgi/pmidlookup?view=long&pmid=21940438
http://dx.doi.org/10.1523/JNEUROSCI.2156-11.2011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21940438&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S0378-5955(16)30320-3
http://dx.doi.org/10.1016/j.heares.2016.10.028
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27816499&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S0378-5955(16)30354-9
http://dx.doi.org/10.1016/j.heares.2016.12.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27964937&dopt=Abstract
http://www.noiseandhealth.org/article.asp?issn=1463-1741;year=2012;volume=14;issue=58;spage=100;epage=105;aulast=Kumar
http://dx.doi.org/10.4103/1463-1741.97252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22718107&dopt=Abstract
http://dx.plos.org/10.1371/journal.pone.0162726
http://dx.doi.org/10.1371/journal.pone.0162726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27618300&dopt=Abstract
http://linkinghub.elsevier.com/retrieve/pii/S0378-5955(17)30325-8
http://dx.doi.org/10.1016/j.heares.2017.10.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29126651&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10713509&dopt=Abstract
https://dx.doi.org/10.3389/fnsys.2014.00026
http://dx.doi.org/10.3389/fnsys.2014.00026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24600357&dopt=Abstract
http://europepmc.org/abstract/MED/25350405
http://dx.doi.org/10.1097/AUD.0000000000000107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25350405&dopt=Abstract
http://europepmc.org/abstract/MED/20881196
http://dx.doi.org/10.1152/jn.00226.2010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20881196&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Dewey et a

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

Melcher JR, Levine RA, Bergevin C, Norris B. The auditory midbrain of people with tinnitus: abnormal sound-evoked
activity revisited. Hear Res 2009 Nov;257(1-2):63-74 [FREE Full text] [doi: 10.1016/j.heares.2009.08.005] [Medline:
19699287]

Melcher JR, Sigalovsky IS, Guinan Jr JJ, Levine RA. Lateralized tinnitus studied with functional magnetic resonance
imaging: abnormal inferior colliculus activation. JNeurophysiol 2000 Feb;83(2):1058-1072. [doi: 10.1152/jn.2000.83.2.1058]
[Medline: 10669517]

Nichols TE, Das S, Eickhoff SB, Evans AC, Glatard T, Hanke M, et al. Best practices in data analysis and sharing in
neuroimaging using MRI. Nat Neurosci 2017 Feb 23;20(3):299-303. [doi: 10.1038/nn.4500] [Medline: 28230846]

Nosek BA, Lakens D. Registered reports: a method to increase the credibility of published results. Soc Psychol 2014
May;45(3):137-141 [FREE Full text] [doi: 10.1027/1864-9335/a000192]

Hansen M S, Asghar MS, Wetterslev J, Pipper CB, Johan MJ, Becerral, et al. Isthe volume of the caudate nuclei associated
with area of secondary hyperalgesia? - protocol for a3-TeslaMRI study of healthy volunteers. IMIR Res Protoc 2016 Jun
17;5(2):e117 [FREE Full text] [doi: 10.2196/resprot.5680] [Medline: 27317630]

British Society of Audiology. 2013. Recommended procedure: tympanometry URL : http://www.thebsa.org.uk/wp-content/
uploads/2014/04/BSA_RP_Tymp_Final_21Augl3 Final.pdf [accessed 2018-02-22] [WebCite Cache |ID 6xPigtFa3]
Chan AW, Tetzlaff IM, Gatzsche PC, Altman DG, Mann H, Berlin JA, et a. SPIRIT 2013 explanation and elaboration:
guidance for protocols of clinical trials. Br Med J 2013;346:€7586 [FREE Full text] [Medline: 23303884]

Mumford JA, Nichols TE. Power calculation for group fMRI studies accounting for arbitrary design and temporal
autocorrel ation. Neuroimage 2008 Jan 01;39(1):261-268 [ FREE Full text] [doi: 10.1016/j.neuroimage.2007.07.061] [Medline:
17919925]

Thirion B, Pinel B, Mériaux S, Roche A, Dehaene S, Poline JB. Analysisof alargefMRI cohort: statistical and methodological
issues for group analyses. Neuroimage 2007 Mar;35(1):105-120. [doi: 10.1016/j.neuroimage.2006.11.054] [Medline:
17239619]

Henry JA, Griest S, Zaugg TL, Thielman E, Kaelin C, Galvez G, et al. Tinnitus and hearing survey: a screening tool to
differentiate bothersome tinnitus from hearing difficulties. Am J Audiol 2015 Mar;24(1):66-77 [FREE Full text] [doi:
10.1044/2014 AJA-14-0042] [Medline: 25551458]

Meikle MB, Henry JA, Griest SE, Stewart BJ, Abrams HB, McArdle R, et a. The tinnitus functional index: development
of anew clinical measure for chronic, intrusive tinnitus. Ear Hear 2012;33(2):153-176. [doi:
10.1097/AUD.0b013e31822f67c0] [Medline: 22156949]

Glover GH, Li TQ, Ress D. Image-based method for retrospective correction of physiological motion effectsin fMRI:
RETROICOR. Magn Reson Med 2000 Jul;44(1):162-167 [FREE Full text] [Medline: 10893535]

Hall DA, Haggard MP, Akeroyd MA, Palmer AR, Summerfield AQ, Elliott MR, et al. “Sparse” temporal sampling in
auditory fMRI. Hum Brain Mapp 1999;7(3):213-223. [Medline: 10194620]

Haase A, Frahm J, Matthaei D, H&nicke W, Merboldt K. FLASH imaging: rapid NMR imaging using low flip-angle pulses.
1986. JMagn Reson 2011 Dec;213(2):533-541. [doi: 10.1016/j.jmr.2011.09.021] [Medline: 22152368]

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, et al. Advancesin functional and
structural MR image analysis and implementation as FSL. Neuroimage 2004;23(Supp! 1):S208-S219. [doi:
10.1016/j.neurcimage.2004.07.051] [Medline: 15501092]

Andersson JL, Skare S, Ashburner J. How to correct susceptibility distortionsin spin-echo echo-planar images: application
to diffusion tensor imaging. Neuroimage 2003 Oct;20(2):870-888. [doi: 10.1016/S1053-8119(03)00336-7] [Medline:
14568458]

Harms MP, Melcher JR. Sound repetition rate in the human auditory pathway: representations in the waveshape and
amplitude of fMRI activation. J Neurophysiol 2002 Sep;88(3):1433-1450. [doi: 10.1152/jn.2002.88.3.1433] [Medline:
12205164]

Abbreviations

ABR: auditory brainstem response
AEP: auditory evoked potential

BOLD: Blood-Oxygen-Level Dependent
CN: cochlear nucleus

CSF: cerebrospinal fluid

EEG: electroencephal ography

EPI: echo-planar imaging

FLASH: fast low angle shot

fMRI: functional magnetic resonance imaging
GE: gradient echo

IC: inferior colliculus

MGB: medial geniculate body

http://www.researchprotocols.org/2018/3/e79/ JMIR Res Protoc 2018 | vol. 7 | iss. 3 | €79 | p. 11

(page number not for citation purposes)


http://europepmc.org/abstract/MED/19699287
http://dx.doi.org/10.1016/j.heares.2009.08.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19699287&dopt=Abstract
http://dx.doi.org/10.1152/jn.2000.83.2.1058
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10669517&dopt=Abstract
http://dx.doi.org/10.1038/nn.4500
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28230846&dopt=Abstract
http://europepmc.org/abstract/MED/28280547
http://dx.doi.org/10.1027/1864-9335/a000192
http://www.researchprotocols.org/2016/2/e117/
http://dx.doi.org/10.2196/resprot.5680
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27317630&dopt=Abstract
http://www.thebsa.org.uk/wp-content/uploads/2014/04/BSA_RP_Tymp_Final_21Aug13_Final.pdf
http://www.thebsa.org.uk/wp-content/uploads/2014/04/BSA_RP_Tymp_Final_21Aug13_Final.pdf
http://www.webcitation.org/

                                            6xPigtFa3
http://www.bmj.com/cgi/pmidlookup?view=long&pmid=23303884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23303884&dopt=Abstract
http://europepmc.org/abstract/MED/17919925
http://dx.doi.org/10.1016/j.neuroimage.2007.07.061
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17919925&dopt=Abstract
http://dx.doi.org/10.1016/j.neuroimage.2006.11.054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17239619&dopt=Abstract
http://europepmc.org/abstract/MED/25551458
http://dx.doi.org/10.1044/2014_AJA-14-0042
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25551458&dopt=Abstract
http://dx.doi.org/10.1097/AUD.0b013e31822f67c0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22156949&dopt=Abstract
http://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0740-3194&date=2000&volume=44&issue=1&spage=162
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10893535&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10194620&dopt=Abstract
http://dx.doi.org/10.1016/j.jmr.2011.09.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22152368&dopt=Abstract
http://dx.doi.org/10.1016/j.neuroimage.2004.07.051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15501092&dopt=Abstract
http://dx.doi.org/10.1016/S1053-8119(03)00336-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14568458&dopt=Abstract
http://dx.doi.org/10.1152/jn.2002.88.3.1433
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12205164&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR RESEARCH PROTOCOLS Dewey et a

MNI: Montrea Neurological Institute

MPRAGE: magnetization prepared rapid acquisition gradient echo

MRI: magnetic resonance imaging

SENSE: sensitivity encoding

SPIRIT: Standard Protocol Items: Recommendations for Interventional Trials
(SPMIC: Sir Peter Mansfield Imaging Centre

SPL: sound pressure level

TE: echotime

TR: repetition time

TSE: turbo spin echo
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