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1. Introduction

1.1 Epidemiology and etiology of tinnitus

Tinnitus is known as the sound people perceive without an external stimulation. Tinnitus
appears quite common in the population by affecting around 15 — 20 % (Baguley,
McFerran et al. 2013, Bauer 2018). Tinnitus can be classified in objective and subjective
tinnitus. The mechanisms of objective tinnitus, which is not part of the present study, can
be caused by a pulsatile, muscular or spontaneous origin (Lockwood, Salvi et al. 2002,
Chan 2009).

Concerned people perceive tinnitus as realistic sound with a huge burden. Tinnitus often
affects their communication, has negative influence to their social life and can lead in
worst cases to social isolation, anxiety or forms of depressive symptoms (Langguth,
Kleinjung et al. 2007, Langguth, Landgrebe et al. 2011).

The tinnitus sound appears in many ways, from pure tone- or thunder-like sounds, to
ringing, or scratching in different frequencies (Stouffer and Tyler 1990), it is perceived
with about 40 % in both ears or in the middle of the head, 40 % in the left and 20 % in
the right ear (Pilgramm, Rychlik et al. 1999).

Subjective tinnitus can be caused by many factors, however, it is barely possible to
diagnose the source, since some of the factors can also stay in an interaction (Tyler,
Coelho et al. 2008, Wu, Stefanescu et al. 2016, Ralli, Greco et al. 2017). These factors
can be classified as hearing problems (like noise-induced hearing loss, sudden hearing
loss or blast trauma), neurological disorders (like multiple sclerosis or acoustic neuroma),
infectious disease (like inflammation of the middle/inner ear, meningitis or syphilis), drug
related factors (salicylates, indomethacin or antidepressants) or others (Lockwood, Salvi
et al. 2002, Goebel and Biittner 2004). It is notable, that hearing loss seems to be one of
the biggest risk factors (Knipper, Van Dijk et al. 2013). Therefore, most of the literature
describes the tinnitus on-set to be associated with a damage of the peripheral hearing
system (Axelsson and Ringdahl 1989, Sirimanna, Stephens et al. 1996, Demeester, van
Wieringen et al. 2007). An increasing factor during the last decades is also stress, named
by people in advance of the tinnitus on-set (Schmitt, Patak et al. 2000, Knipper, Van Dijk
et al. 2013, Sedley, Friston et al. 2016, Stefanescu and Shore 2017).



A comorbidity which often occurs with tinnitus is hyperacusis. A sensitivity to moderate
or even mild environmental sounds, which leads to a discomfort or even a painful
perception. Hyperacusis is distinguished from other noise hypersensitivities like
recruitment, which is caused by damaged outer hair cells. Recruitment causes linear rather
than non-linear, compressive sound processing and leads to a loss of sensitivity, dynamic
range and selectivity of the hearing in the damaged frequency range (Janssen 2000). Thus,
small intensity changes due to sound stimuli causes large change in the cochlea-response
and make them discomfortable or even painful. Furthermore, hyperacusis is also distinct
from phonophobia, where certain sounds lead to a discomfort and rather has a
psychological origin. Factors leading to hyperacusis are similar as those for tinnitus,
pathological changes of the hearing system (like noise-induced hearing loss or
stapedectomy), pathological changes of the central nervous system (like headache or
depression), hormonal/infectious diseases (like Lyme disease or Addison’s disease) or
further factors are classified (Lockwood, Salvi et al. 2002, Goebel and Biittner 2004).

There are different numbers, but up to 50 % of the people with tinnitus have additionally
hyperacusis (Hesse, Rienhoff et al. 1999), hyperacusis beside tinnitus also affects people
more due to significant higher occurrence of psychological comorbidities like anxiety or
depression, than people with a tinnitus percept only (Goebel and Floezinger 2008). Vice
versa, about 86 % of people with a hyperacusis also have tinnitus (Anari, Axelsson et al.
1999). Hyperacusis occur as single symptom with ranges from 2 % (Sammeth, Preves et
al. 2000) up to 15 % (Fabijanska, Rogowski et al. 1999), according to different study
populations, which makes hyperacusis rare as a single symptom group. Hyperacusis alone

is therefore not a topic of this study.

Until now, there is no single treatment to eliminate the tinnitus percept permanently
(Zenner, Delb et al. 2017), which is also owed by the fact, that the pathophysiological
mechanism is poorly understood and controversial debated. It is accepted that tinnitus can
occur without hearing loss, defined by clinically measured hearing threshold (Shiomi,
Tsuji et al. 1997, Lockwood, Salvi et al. 2002, Saunders 2007, Roberts, Eggermont et al.
2010, Geven, de Kleine et al. 2011, Langers, de Kleine et al. 2012, Tan, Lecluyse et al.
2013, Lanting, de Kleine et al. 2014). This was shown in different tinnitus models in

animals, that did not show greater threshold shifts when compared to animals without



tinnitus (Bauer, Brozoski et al. 2007, Eggermont, Zeng et al. 2012, Knipper, Miiller et al.
2012, Riittiger, Singer et al. 2013, Singer, Zuccotti et al. 2013). Therefore, a damage of
outer hair cells in the cochlea as cause for tinnitus is unlikely.

Instead, tinnitus seems to be caused by a maladaptive process due to loss of auditory nerve
fibers, called synaptopathy (Weisz, Hartmann et al. 2006, Roberts, Eggermont et al. 2010,
Kim, Kim et al. 2012, Gilles, Schlee et al. 2016), but how these maladaptive mechanisms

work, is controversial discussed in the proposed tinnitus models.

1.2 Current tinnitus models

By now, it is generally accepted that tinnitus is related to enhanced spontaneous firing
rates in auditory neurons due to deafferentation (synaptopathy) of auditory nerve fibers,
shown in a number of publications during the last decades (Jastreboff 1995, Norena and
Eggermont 2003, Weisz, Moratti et al. 2005, Weisz, Hartmann et al. 2006, Eggermont
and Roberts 2012, Eggermont 2015, Shore, Roberts et al. 2016). But how this enhanced
spontaneous firing rate is affecting the system and causes tinnitus, is discussed
controversial in two models. In one model it is assumed that a compensation mechanism
in central auditory specific brain regions due to the peripheral deafferentation
(synaptopathy) increased neuronal gain and leads to enhanced spontaneous firing in the
whole ascending auditory path up to the auditory cortex going along a cortical
reorganization (Schaette and McAlpine 2011, Yang, Weiner et al. 2011, Schaette and
Kempter 2012, Yang and Bao 2013, Norena 2015, Sedley, Friston et al. 2016).

The other tinnitus model assumes there is a loss of this central compensation mechanism
and a loss of gain, showed in a tinnitus animal model (Riittiger, Singer et al. 2013, Singer,
Zuccotti et al. 2013, Mohrle, Hofmeier et al. 2019). Additionally, animals with a tinnitus
percept caused due to acoustic trauma, which can be differenciated by a behavioural
model into two groups — tinnitus percept only and the cooccurance of hyperacusis in those
animals, showed different sound induced central responses. While the tinnitus group
showed signs for reduced central auditory gain, animals with additional hyperacusis
showed central gain (Mohrle, Hofmeier et al. 2019) especially for higher stimulus sound
intensities.

This leads to the hypothesis that the widely observed central auditory gain in tinntus has

another origin. This study attempts to examine this in more detail.



1.3 Study hypothesis and aim

Since hearing disorders, as hearing loss and tinnitus increases during the last decades!,
even in younger people due to changes in their lifestyle, it is necessary to understand the
pathophysiological mechanism behind tinnitus, especially for any future therapeutic
strategy. Therefore, it was mandatory to have a valid study design as basis to differentiate
potential findings. To avoid effects influenced due to noise-induced hearing loss, all
included participants were therefore recruited to have nearly the same hearing level,
consequently we only included participants with a normal hearing to slight hearing loss
in higher frequencies.

Since comorbidities, as sound sensitivity disorders like hyperacusis or psychological
disorders like anxiety or depression can appear beside tinnitus and could influence data
outcomes, we tried to select them. This is why beside different questionnaires, also
cortisol as stress associated marker was used, to evaluate and analyze the burden of the
disease pattern.

Auditory evoked potentials are electric changes caused by sound, which can be measured
alongside the whole auditory system from the cochlea to the auditory cortex and used
since decades to understand auditory perception and hearing disorders in human and
animal models (Picton, Stapells et al. 1981). We use this principle to analyze neural
response to acoustic stimulation in our participant groups with two different methods, on
the one side as temporal resolution technique, auditory brainstem response (ABR)
measurements which represent neural synchronicity (Johnson and Kiang 1976, Riittiger,
Zimmermann et al. 2017) for supra-threshold fine structure analysis at the brainstem and
mid-brain level were used.

On the other side, as a spatial resolution technique, functional magnetic resonance
imaging (fMRI) measurement to look for effects caused by sound stimulation in cortical
and subcortical areas due to changes in the blood-oxygenation-level dependent (BOLD)
signal was used (Logothetis and Pfeuffer 2004, Drew 2019). Beside task-evoked fMRI
measurements, we also used resting state functional connectivity measurements by fMRI

(r-fcMRI), to analyze spontaneous activity in anatomically separated brain areas, which

1. ! Word Health Organization (WHO) www. euro.int.de, Word Health Organization (WHO). The global burden
of disease. 2004 update. Geneva: 2004 (cited 2020-05-18) http://www. euro.int.de



have a dependency in temporal neural activity (Van Den Heuvel and Pol 2010, Shen 2015,
Lv, Wang et al. 2018).

With this study, we aimed to analyze and understand the pathophysiological mechanism
behind tinnitus and the often-occurring comorbidity of hyperacusis in a more specific
way, to potentially support the monitoring of therapeutically approaches and leads to a

better treatment-outcome for tinnitus.



2. Material and Methods

2.1 Ethical proposal

The presented study was approved by the ethics committee of University Clinic Tiibingen
and Tiibingen University (Faculty of Medicine) with the initial approval-number
444/2014BO2 and the title ‘Funktionelle MR-Tomographie zur Darstellung der
Hirnaktivitdt und der Horbahn bei Tinnitus-Patienten und Vergleichspersonen I’ followed
by two approved extension applications for the follow-up study in 2016-2017 with the
title ‘Funktionelle MR-Tomographie zur Darstellung der Hirnaktivitit und der Horbahn
bei Tinnitus-Patienten und Vergleichspersonen II’ under the approval-number
264/2016BO1 as well the follow-up study in 2019 with the title ‘Funktionelle MR-
Tomographie zur Darstellung der Hirnaktivitdt und der Horbahn bei Tinnitus-Patienten
und Vergleichspersonen III’ (approval-number 391/2018B0O2). Besides, the study was
registered under DRKS0006332 at the German Clinical Trials Register.

All study participants were informed before examinations about risks, privacy protection
and study process. Written consent from every participant was required (Appendix A).
The participants received a compensation for their effort to participate.

All methods were used according to the ‘Declaration of Helsinki’ by the World Medical
Association for human research ethics. Methods and inclusion/exclusion criteria were

predefined.

2.2 Examination procedure

The examinations were split into two days due to the long-lasting measurements. During
the first study day, the participants were invited in the afternoon, for the ear examination,
pure tone audiometry (PTA) measurements, check for the inclusion/exclusion criteria
(Appendix D) and elucidation about the study and data privacy (Appendix A). When
included, the participants did the other examinations, containing auditory brainstem
response (ABR) measurements, questionnaires, tympanometry, speech understanding
test, blood (epigenetic analysis — not part of this work) and saliva collection. The whole
first visit took about 2-2.5 h.

The second day contained the functional magnetic resonance imaging (fMRI)
measurements and the handover of the home-taken saliva samples, which was performed

in the Department of Diagnostic and Interventional Neuroradiology Tiibingen. The



participants had to agree an additional information sheet for the fMRI by the medical-
technical radiology assistant before the measurements started. The second visit took about
1.5 — 2h. All the procedures were listed in Table 1 (Hofmeier, Wolpert et al. 2018). If the
participants were excluded, they got a compensation of 10 €. When they are included,
they got for the whole participation, including additional audiometry measurements

questionnaires and the second examination day for the fMRI measurements, 50 €.

Table 1 Overview examination procedure

examination day 1 (duration 2 - 2.5 h) examination day 2 (1.5 -2 h)
. clarification/privacy policy . handover home-made saliva samples
. check for inclusion/exclusion criteria . MRI clarification and instructions
. ear examination . MRI measurements
e  hyperacusis questionnaire o  structural image acquisition
e audiological diagnostic o  task-evoked broadband chirp stimulus
o  pure tone audiometry o  task-evoked high frequency chirp stimulus
o  tympanometry o  task-evoked low frequency chirp stimulus
o tinnitus localization (for tinnitus participants o  task-evoked music piece stimulus
only) o  resting state
o auditory brainstem response measurement
. blood sample collection
e handover saliva samples for home-use

2.3 Recruitment of study participants

2.3.1 Advertising and recruitment of the study participants

Participants for the study were recruited by two ways, we used flyers in the Department
of Otolaryngology Head & Neck Surgery Tiibingen to search for participants with tinnitus
(Appendix B), additionally, we used the e-mail newsletter feature from the University of
Tiibingen (Appendix C), to address a larger number of people. The recruitment of the
participants was consecutively from the start of the study until the number (Appendix A)

of participants was reached.

2.3.2 Inclusion and exclusion criteria of tinnitus patients with and without co-
occurrence of hyperacusis

In the pilot study (Hofmeier, Wolpert et al. 2018), we recruited participants for two
groups (control and tinnitus) with an age between 18 and 70, with a normal hearing to

slight form of hearing loss according to the clinical definition. A normal hearing is



clinically defined as hearing thresholds not more than 20 dB for frequencies from 0.25
kHz to 4 kHz. The participants should spoke German and had an inconspicuous ear
microscopy as well as no further diseases of the hearing system like morbus Meniere,
blast trauma, deafness or hearing aid supply. Neurological disorders, pregnancy,
contraindications for MRI measurements, intake of medications, drug and alcohol abuse
are exclusion criteria. The whole list is in the appendix (Appendix D).

To get included in the tinnitus group, the participants should experience their tinnitus
permanently for at least 4 weeks, they also should not be treated for their tinnitus during
6 months before the study took place and no decompensated tinnitus should be diagnosed.
A decompensated tinnitus is often associated with psychiatric comorbidities like anxiety
or forms of depression (Goebel, Biesinger et al. 2005), which were exclusion criteria.
Vice versa, the participants for the control group should not experience tinnitus in a
permanently way.

For the pilot study (Hofmeier, Wolpert et al. 2018) participants with the co-occurrence of
a sensitivity for moderate to loud sounds, called hyperacusis were excluded. Due to the
recruitment of a large sub-group of participants with tinnitus and the co-occurrence of

hyperacusis, we included them in the follow-up study in 2019.

2.3.3 group classification

The groups were hereinafter referred as the control group for participants without
tinnitus and/or hyperacusis, tinnitus group for participants with tinnitus and without co-
occurrence of hyperacusis and the tinnitus+hyperacusis group with tinnitus percept

with co-occurrence of hyperacusis.

2.4 Audiological diagnostic

2.4.1 Pure tone audiometry

For every participant the hearing thresholds was determined by performing a PTA by an
audiologist from the Department of Otolaryngology Head & Neck Surgery Tiibingen. An
audiometer (AT900, Auritec, Medizindiagnostische Systeme GmbH, Hamburg,
Germany) was used, applying pure tone for following frequencies to determine the air
conducting hearing thresholds (0.125 kHz, 0.25 kHz, 0.5 kHz, 1 kHz, 2 kHz, 3 kHz, 4
kHz, 6 kHz, 8 kHz, and 10 kHz). This measurement was performed in a soundproof



chamber (Industrial Acoustics Company, Niederkriichten, Germany), using over-ear
headphones (Telephonics TDH 39p, Telephonics, Farmingdale, USA).

Beside the PTA a monosyllabically (noun) speech understanding test (‘Freiburger’) is
used for speech audiometry (Hoth 2016).

2.4.2 Tympanometry

For the middle ear function, tympanometry and acoustic reflex measurements was
performed using stimuli of 0.5, 1, 2, and 4 kHz at 80 to 100 dB sound pressure level
(SPL) on a Madsen-Zodiac 901 (GN Otometrics, Miinster, Germany).

2.4.3 Hyperacusis questionnaire

To separate the tinnitus groups for the comorbidity of hyperacusis, we used as hyperacusis
questionnaire the so called ‘Hyperakusis-Inventar’ (HKI). This questionnaire combines
selective items from the German speaking noise sensitivity questionnaire (Nelting and
Finlayson 2004) and the French hyperacusis questionnaire (Khalfa, Dubal et al. 2002),
what yields to a high sensitivity (correlation) for complaints caused by hyperacusis and
low correlation with tinnitus and hearing threshold loss (Fischer 2013). The test consists
of 9 questions with 4 possible answers (Appendix E), while the answers are weighted
with 0 to 3 points, a total range from 0 to 27 points is possible. For the HKI, due to the
provided sensitivity and specificity of the test, a cut-off value of > 11 points define the

occurrence of a hyperacusis (Fischer 2013).

2.4.4 Tinnitus questionnaire

To classify the distress by tinnitus, we applied the German version of the clinically used
tinnitus questionnaire, called ‘Goebel-Hiller-Score’ (G-H-S) (Goebel and Hiller 1994).
The G-H-S consists of 52 questions with 3 possible answers (true, partially true, and not
true, with 2, 1, or 0 points for the possible answers) with a total range from 0 to 84 points.
For the severity the test is quartered as mild, moderate, severe, and very severe for 0-30,
31-46, 47-59, and 60-84 points respectively. A decompensated tinnitus, which is often
associated with psychiatric comorbidities, is assumed for scores above 46 points (bellow

46 points tinnitus is classified as compensated) (Goebel, Biesinger et al. 2005).



Therefore, we decided to exclude participants with extreme high tinnitus questionnaire
scores, to made sure possible differences in group comparisons with tinnitus participants
were not affected due to those comorbidities. The questions are categorized for the sub-
scores emotional distress, cognitive distress, intrusiveness, auditory perceptual
difficulties, sleep disturbances, and somatic complaints.

Additionally, the clinic-internal ‘tinnitus case report form’ (Tinnitus-CRF) (Appendix
F), to track the tinnitus intrusiveness during the last days before the first examination day
was used. The Tinnitus-CRF contains a scale with 8 possible answers for the tinnitus
intrusiveness during the last days before the first examination from ‘no annoyance’ to
‘extreme’. Also, the laterality of the perceived tinnitus was surveyed with this
questionnaire, with possible answers for the ‘left ear’, ‘right ear’ or ‘in the middle of the

head’, with 6 possible answers each, from ‘not audible’ till ‘very high’ (Appendix F).

2.4.5 Tinnitus localization

Participants with a perception of tinnitus performed a tinnitus localization to identify the
tone pitch and loudness of their individual tinnitus. Therefore, they had to identify the
frequency and loudness which was nearest to their tinnitus tone. The audiologist started
a pure tone by asking for a lower or higher frequency of the tinnitus, following an adapting
process to fit the nearest frequency. The same was done for the loudness of the tinnitus,
where the participant had to told if the sound was lower or higher, after the frequency was
fitted. Additionally, a tinnitus masking/suppression, where their tinnitus is overlaid by a
pure tone, over the same frequency range as for the PTA (0.125 kHz, 0.25 kHz, 0.5 kHz,
1 kHz, 2 kHz, 3 kHz, 4 kHz, 6 kHz, 8 kHz, and 10 kHz) was performed. The loudness of
each pure tone was increased by the audiologist, until the participant could no longer hear
the own tinnitus tone. This intensity defined the masking/suppression for this pure tone
frequency according the individual tinnitus percept. The tinnitus masking/suppression is

generally used to proof the quality of the tinnitus localization (especially the intensity).

2.4.6 Auditory brainstem response measurements
For the ABR measurements, to analyze the sound induced auditory processing on the
brainstem-level, we used the commercial clinical system GSI Audera (Grason-Stadler,

Eden Prairie, USA) in combination with the headphone model Telephonics TDH 39P

10



(Telephonics, Farmingdale, USA). This two-channel system was used with four
Neuroline 720 electrodes (Ambu, Bad Nauheim, Germany), which were placed according
to the International Electrode System 1020 standard. Two placed behind every ear on the
mastoid, one as ground electrode between the eye brows and a reference electrode on the
middle sagittal line near to the hair-line (Figure 1).

For the electrode placement, the skin was cleaned, defatted, prepared with abrasive paste
(Nuprep Skin Prep Gel, Weaver and Company, Aurora, USA) to reach a low impedance
(<5 kOhm) for the measurement. If this low impedance was too high, the procedure was
repeated until an impedance <5 kOhm was reached.

The ABR was recorded by stimulation with a broadband click stimulus at 11.1 Hz with
2000 repetitions during a 10 ms time window. At stimulus intensities, starting at 75 dB
normal Hearing Level (nHL) with 10 dB decreasing steps down to 25 dB nHL, the signal
is bandpass filtered between 150 and 3000 Hz (Hofmeier, Wolpert et al. 2018).

reference

ground

left\ear

right ear

Figure 1 Schematic ABR electrode placement
Electrode placement for the ABR measurement. 4 electrodes were placed, the ground electrode between the eye brows, the reference
electrode on the middle sagittal line near to the hair-line, and two electrodes behind every ear on the mastoid (in black for the visible

side, grey for the hidden side). Figure modified from the GSI Audera manual (Grason-Stadler, Eden Prairie, USA).

2.4.7 Supra-threshold ABR analysis
ABR curves are counted according their deflection caused by sum action potential in
auditory neuronal structures in the brainstem, following acoustic stimulation. ABR wave

I is reflected with the distal part of the auditory nerve (AN), ABR wave Il is represented

11



by projections of the superior olivary complex (SOC) but also from structures of the
cochlear nerve (CN), ABR wave V reflects projections from the SOC into the inferior
colliculus (IC) and the lemniscus lateralis (LL), and the ABR wave VI is represented by
activity in the MGB (Figure 2) (Picton, Stapells et al. 1981, Moller, Jannetta et al. 1994,
Melcher and Kiang 1996).

The responses in this auditory brainstem structures runs within a time window < 10 ms,
therefore the recording window is set to 10 ms, where we define the stimulus start at 0
ms. During this time window we analyze the four waves I, III, V, and VI with a time
interval of 1-2 ms, 3-4 ms, 5-6 ms, and 6-8 ms respectively according to data for 70 dB
nHL click (11 Hz) ABR measurements (Campbell, Picton et al. 1981). The first positive
peak (maxima) in this time interval for the wave defines the latency and is used to
calculate the amplitude together with the following negative peak (minima).
Additionally, the interpeak-latencies (IPL) for the wave I-I11, II1I-V and I-V are calculated
for the analysis (Hofmeier, Wolpert et al. 2018).
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Figure 2 Anatomical representation of the ABR waves
ABR waves and their anatomical correlation. Wave I is equivalent to the CN, wave III is equivalent to the SOC, wave V is

equivalent to the IC, and wave VI is equivalent to the MGB. Modified according to (Knipper, Van Dijk et al. 2013).
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2.5 Functional magnetic resonance imaging

2.5.1 Stimuli selection and headphone calibration

We designed three so-called chirp sounds for the acoustic stimulation during the fMRI
measurements with different frequency ranges according to (Fobel and Dau 2004). While
a click stimulus is generally activating the whole basilar membrane in the cochlear,
transducing sound waves into electrical signals, there is a small time delay during the
stimulation, high frequency regions responds earlier than the low frequency regions
(Picton, Stapells et al. 1981). Therefore, chirp sounds are used to maximize the temporal
synchronization to enlarge the ABR. We use A-chirps with 20 Hz repetition frequency
with a length of 10 ms including a cosines-square-ramp of 1 ms. To proof the influence
of different frequency ranges for the chirps according to the audible frequency range of
the study participants, the chirps were filtered in three spectra as low-frequency chirp
(LF-chirp), broadband chirp (BB-chirp) and high-frequency chirp (HF-chirp) (Figure 3).
Additionally, beside the chirp stimuli we chosen the clip of a modern pop-rock music

piece (Leto 2010) for stimulation during the fMRI scan.

A B C
amplitude spectrum - LF-chirp amplitude spectrum - BB-chirp amplitude spectrum - HF-chirp
1

-100 100

-200
-200
-300

-300

magnitude (dB)
magnitude (dB)
magnitude (dB)

-400

-500 -400!

10' 10° 10° 10* 10' 10° 10° 10* 10' 10° 10° 10*
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 3 Amplitude spectrum for the chirp stimuli
A LF-chirp in the frequency range for 250 - 3000 Hz B BB-chirp in the frequency range for 300 - 25000 Hz C HF-chirp in the
frequency range for 1200 - 20000. According to (Hofmeier, Wolpert et al. 2018).

To calibrate these sounds for the fMRI scan, an artificial ear (Briiel und Kjaer Type 4157
Nerum, Danmark) together with a measuring amplifier (Bruel & Kjaer measuring
amplifier type 2610, Nerum, Didnemark) was used to adjusted the chirps to 85 dB SPL,

as well as for the music piece as a maximum level of 85 dB SPL.
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2.5.2 fMRI data acquisition

The fMRI measurements were performed on 3-Tesla scanners (Siemens Magnetom 3T
and Siemens Prisma-Fit 3T, Siemens, Erlangen, Germany) in the Department Diagnostic
and Interventional Neuroradiology Tiibingen. To improve the image acquisition a 20-
channel head coil was used. For transmitting the acoustic stimulation, we used a common
stimulus presentation software (Neurobehavioral Systems Software, version 16.1,
Neurobs, Berkeley, USA) in combination with MRI-applicable over-ear headphones
(CONFON HP-SCO03, MR Confon GmbH, Magdeburg, Germany) and an amplification
system (Panasonic-SC-PMXS5 Amplifier, Panasonic Marketing Europe GmbH, Hamburg,

Germany).

2.5.3 Predefined region of interest analysis

To analyze sound induced BOLD response in cortical areas, predefined regions of interest
(ROI) in different brain areas (particular auditory specific — Table 2, Figure 4, and
Figure 5 (Xia, Wang et al. 2013)) according to the so-called Montreal Neurological
Institute (MNI) Space were defined. This is a 3-dimensional coordinate system based on
an average of 152 co-registered T1-weighted structural brain scans (Ashburner and
Friston 2005). Whereas we extracted the mean signals from these ROIs and did the group
analysis (2.5.7).

Table 2 Predefined ROIs for task-evoked and resting state BOLD fMRI measurements
Predefined spherical ROIs with their anatomical term according the Brodmann areas (Kawamura 2017), the MNI coordinates and the

radius, which is equivalent to 7 voxels according the image resolution. A For task-evoked BOLD fMRI. B For resting state BOLD
fMRI. According to (Hofmeier, Wolpert et al. 2018)

A: ROIs for task-evoked BOLD fMRI

Brain Region Anatomical term MNI Coordinates (in mm) Radius (mm)

X Y Z

Subcortical Regions:

CN-R/CN-L cochlear nerve 10/-10 -39 -45 3
SOC-R/SOC-L superior olivary complex 13/-13 -35 -41 3
IC-R/IC-L inferior colliculus 6/-6 -33 -11 3
MGB-R/MGB-L medial geniculate body 18/-18 -24 1 3

Primary Auditory Cortex Regions:
BA41-R/BA41-L transverse temporal gyrus (Heschl) 46/-46 -25 7 3

BA41A-R/BA41A-L  transverse temporal gyrus (Heschl) 51/-51 -16 11 3
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BA41P-R/BA41P-L  transverse temporal gyrus (Heschl) 41/-41 -28 12 3
BA42-R/BA42-L superior temporal gyrus 64/-64 =22 9 3
BA42A-R/BA42A-L  superior temporal gyrus 60/-60 -18 10 3
BA42P-R/BA42P-L  superior temporal gyrus 56/-56 -25 12 3
Sound Detection Regions:
BA22A-R/BA22A-L  middle superior temporal gyrus 54/-54 -6 -6 3
BA21A-R/BA21A-L  middle temporal gyrus 66/-66 -13 -5 3
BA22P-R/BA22P-L.  middle superior temporal gyrus 67/-67 -27 3 3
BA21P-R/BA21P-L  middle temporal gyrus 66/-66 =22 -5 3
Hipp-R/Hipp-L hippocampus 28/-28 -35 18 3
BA13P-R/BA13P-L  insular cortex 35/-35 221 16 3
Somatosensory/Pain Regions:
BA1-R/BAI-L intermediate postcentral gyrus 63/-63 -18 28 3
BA2-R/BA2-L caudal postcentral gyrus 63/-63 =22 31 3
PCGI-R/PCGI-L postcentral gyrus 59/-59 -23 25 3
PCG2-R/PCG2-L postcentral gyrus 58/-58 -14 18 3
Dplns-R/Dplns-L dorsal insular cortex 41/-41 -21 19 3
y::irylf"dy‘RMam" mammillary body 9/-9 -19 4 3
B: ROIs for resting state BOLD fMRI

Brain Region Anatomical term MNI Coordinates (in mm) Radius (mm)

X Y V4

CN-R/CN-L cochlear nerve 10/-10 -39 -45 3
SOC-R/SOC-L superior olivary complex 13/-13 -35 -41 3
IC-R/IC-L inferior colliculus 6/-6 -33 -11 3
MGB-R/MGB-L medial geniculate body 18/-18 -24 1 3
BA41-R/BA41-L transverse temporal gyrus (Heschl) 46/-46 -25 7 3
BA42-R/BA42-L superior temporal gyrus 64/-64 =22 9 3
BA22A-R/BA22A-L  middle superior temporal gyrus 54/-54 -6 -6 3
BA21A-R/BA21A-L  middle temporal gyrus 66/-66 -13 -5 3
BA22P-R/BA22P-L.  middle superior temporal gyrus 67/-67 -27 3 3
BA21P-R/BA21P-L  middle temporal gyrus 66/-66 =22 -5 3
Hipp-R/Hipp-L hippocampus 28/-28 -35 18 3
BA13P-R/BA13P-L  insular cortex 35/-35 221 16 3
BA13A-R/BA13A-L  insular cortex 36/-36 20 7 3
BA28-R/BA28-L entorhinal area (parahippocampal gyrus) 18/-18 -13 =22 3
Amyg-R/Amyg-L amygdala 22/-22 -5 -18 3
BA45-R/BA45-L pars triangularis of inferior frontal gyrus 57/-57 26 14 3
BA46-R/BA46.L }rrl:)(ril(ti;} g}r;cl:ntral gyrus, rostral inferior 46/-46 41 18 3
BA47-R/BA47-L orbital inferior frontal gyrus 33/-33 32 -10 3
BAOM-R/BAOM-L anterior superior frontal gyrus/middle 77 50 30 3

frontal gyrus



BA9DL-R/BA9DL-L  anterior superior frontal gyrus 50/-50 14 32 3

sagital view

rtical ® somatosensory/pain subcortical ® somatosens
primary auditory cortex @  sound detection primary auditory cortex @  sound detection

MNI coordinate system
+

subcortical ® somatosensory/
primary auditory cortex @  sound detection

Figure 4 Coordinates in MNI space for task-evoked BOLD fMRI analysis
Predefined ROIs according to their coordinates in the MNI space in a normalized anatomical brain in three views (sagittal, coronal

and axial). The ROI positions are clustered in four sections, according their anatomical region.

16



sagital view coronal view

auditory ® limbic auditory ® limbic
sound specific @ attentional sound specific @ attentional

axial view MNI coordinate system
+

auditory ® limbic
sound specific @ attentional

Figure S Coordinates in MNI space for resting state BOLD fMRI analysis
The figure shows the predefined ROIs according to their coordinates in the MNI space in a normalized anatomical brain in three views

(sagittal, coronal and axial). The ROI position are clustered in four sections, according their main function.

2.5.4 Structural MRI image acquisition

Anatomical images of the participants brain were acquired in a first measurement. These
images are necessary to align the functional fMRI images in a preprocessing step to the
anatomical origin, since there is generally head movement during the measurements. We
used a MPRAGE sequence for T1-weighted three-dimensional structural volumes, these
consists of 192 slices for every dimension (coronal, sagittal, and axial view). The

measurement parameters are listed in Table 3.
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Table 3 MRI parameters for structural image acquisition

Parameters for structural image acquisition. According to (Hofmeier, Wolpert et al. 2018)

protocol MPRAGE
repetition time (TR) 2300 ms
acquisition time (TA) 3.5 min
field of view (FOV) 240 mm

bandwidth 200 Hz/pixel

slice thickness 0.94 mm
inversion time (TT) 900 ms
slice distance 3.7 mm
echo time (TE) 2.1 ms

2.5.5 Task-evoked fMRI measurements - experimental design

For the task-evoked measurements, a T2* weighted echo-planar sequence was used in
combination with cardiac gating image acquisition in line with an image-correction step.
By the fact that especially the brainstem (beside the whole cortex) is moving quite large
due to the heartbeat related blood flow, this step was necessary to detect also small blood-
oxygenation-level dependent (BOLD) changes in auditory specific brainstem regions. A
heart beat triggered image acquisition was used, which generally cause a non-constant
repetition time (TR) leading to a large signal variance and a possible overlay of the
BOLD-effect, which can produce a signal loss. The system was set up to achieve a TR
between 2 and 3 s. Here the TR image-correction step takes place, where each image is
calculated for a virtual TR of 2 s by an exponential fit, to reduce signal variance for the
images (Guimaraes, Melcher et al. 1998).

To apply the cardiac gating, a pulse oximeter was used to detect the heart rate of the
participants and synchronize it with the image acquisition. The TR was set between 2 and
3 s, depending on the heart rate. Cardiac gating is performed for all four measurements
with acoustic stimulation.

Due to the cardiac gating and the resulting small time window between two heartbeat
cycles, we limited the brain scan to 10 coronal slices covering the brainstem and the
auditory cortex. Parameters for the task-evoked measurement are shown in Table 4

(Hofmeier, Wolpert et al. 2018).
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Table 4 Parameters task-evoked fMRI image acquisition

Parameters for sound induced BOLD fMRI measurements. According to (Hofmeier, Wolpert et al. 2018)

repetition time (TR) | between 2000 - 3000 ms (cardiac-gated)
flip angle (FA) 90°
field of view (FOV) 290 mm
matrix size 64 x 64
slices number 10 coronal slices
slice thickness 2.5 mm
slice gap 1.25 mm
images 150
slice distance 3.7 mm
echo time (TE) 35 ms

We used an alternating block design with a total of 150 images, containing eight off-

blocks and seven on-blocks, 10 images each (Figure 6).

stimulus on Ve —
! ' ' ' ' . '
.

L

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Images

stimulus off

Figure 6 Scheme of image acquisition for fMRI task-evoked measurement
Scheme of block design for the task-evoked fMRI measurement, recording 150 functional images, using alternating blocks (each

block containing 10 images) with and without acoustic stimulation (Hofmeier, Wolpert et al. 2018).

2.5.6 Resting State fMRI measurements - experimental design

For the resting state measurement, a whole brain scan including 300 images with a TR of
2 s was done, with a total of 10 minutes recording time. The field of view (FOV) block
is adjusted to the commissure anterior-commissure posterior (AC-PC)-line by checking
if the brainstem is covered to catch also the auditory specific brainstem regions for the
SOC and CN. The measurement parameters are shown in Table 5. The participants were
at a wakeful rest without external stimulation and had to close their eyes during the
measurement. We did not use cardiac gating during the resting state measurement, which
were performed directly after the task-evoked measurements (Hofmeier, Wolpert et al.

2018).
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Table S Parameters task-evoked fMRI image acquisition

Parameters for resting state BOLD fMRI measurements. According to (Hofmeier, Wolpert et al. 2018)

repetition time (TR) 2000 ms
acquisition time (TA) 10 min
field of view (FOV) 290 mm
matrix size 64 x 64
images 300
slices number 30 coronal slices

2.5.7 fMRI data analysis for task-evoked measurements

All image preprocessing steps were performed in MATLAB (version R2014b and
R2019b, MathWorks Inc., Natick, USA) using the Statistic Parametric Mapping (SPM)
toolbox (version 8 and 12, Wellcome Trust Centre for Neuroimaging, UCL, London,
GB). SPM is a toolbox to use statistic parametric mapping, a statistical method for
analyzing differences in brain activity (Josephs, Turner et al. 1997). The single
preprocessing steps are listed in Table 6. The structural images of every participant were
aligned to the MNI coordinate system, which has its origin at the commissure anterior
(AC) and the alignment to the y-axis through the commissure posterior (PC). The
functional images are then aligned to the structural images to get the same origin and
arrangement. After this first step, the functional images of the task-evoked measurement
are TR-corrected as described before (2.5.5) for a virtual TR of 2 s.

For head motion correction, the functional images were realigned following a co-
registration step, for every single measurement during the long-lasting scanning session
according to the first recorded images, the structural images. The structural images were
segmented into white matter (WM), grey matter (GM) and cerebrospinal fluid (CSF)
structure. Afterwards a normalization step was performed to shrink the images to be
aligned with the MNI template (equivalent to the MNI space). Additionally, a smoothing
step with a Gaussian Kernel of 5 mm full width at half maximum (FWHM) was
performed for the functional images. The previous segmented WM mask was used for a
WM regression step, to avoid nuisance signals. Hereafter we defined the statistical model
in SPM, according to the experimental block design, the general linear model (GLM)
was created using the functional images for every single measurement after the smoothing
step for a first, single subject analysis.

The model was estimated in the SPM toolbox and statistical parametric maps were

produced. After proofing single subject measurements for stimulus induced BOLD
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response, the group analysis was performed. All statistical parametric maps within a
stimulus (BB-chirp, HF-chirp, LF-chirp, and Music) of every group participant were used
to calculate group differences using a two-sample #-fest in the SPM toolbox. After that
group comparison mean t-scores for the predefined spherical ROIs (Table 2) were
extracted, using t-scores, which is a technique for statistical analysis of fMRI data, by
subtracting pixels from images in on-blocks (with stimulation) against images in off-
block (without stimulation) (Clare 1997). We used the ROI-Signal-Extractor feature of
the DPABI toolbox (Yan, Wang et al. 2016) to extracted the mean t-scores. Additionally,
the p-values were false discovery rate (FDR) corrected with an alpha level of & = 0.05

(Hofmeier, Wolpert et al. 2018).

Table 6 Preprocessing steps for task-evoked BOLD fMRI measurements
Preprocessing steps after image acquisition, until GLM is created for group comparison. According to (Hofmeier, Wolpert et al.

2018).

Job Parameter/Setting

set origin to AC for structural images, y-axis to AC-PC line / reorient functional to structural

set origin/image reorientation images

TR-correction linear fit to virtual TR of 2000 ms for the functional images

realignment interpolation with 7th degree B-spline for functional images

segmentation segmentation of the structural images into GM, WM, CSF

coregistration coregistration of functional images to structural image

normalization normalization to MNI Space by 7th degree B-spline interpolation for structural/functional images
smoothing functional images FWHM with 5x5x5 mm

nuisance regression regression of individual participant segmented WM and CSF mask

2.5.8 fMRI data analysis for resting state measurement

Preprocessing steps were performed in MATLAB and the DPARSF toolbox (Yan, Wang
etal. 2016). The toolbox uses a graphical user interface to set all preprocessing parameters
and performed the steps in one calculation. We set the parameters for slice timing
correction, realignment, head motion corrections (including global mean subtraction),
segmentation, co-registration, normalization, smoothing, and filtering for low fluctuation
to exclude autonomous blood vessel fluctuation (Drew 2019) as described in Table 7.
The preprocessing steps were the same as for the task-evoked measurements (2.5.7),
except for the TR-correction step. After the preprocessing, the DPARSF toolbox

extracted a matrix with correlation values between the defined ROI according to the
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recorded time series (300 images) of spontaneous BOLD fluctuation for a single
participant.

Then, the GraphVar toolbox for MATLAB (Kruschwitz, List et al. 2015) was used to
analyze the correlations (functional connectivities) within a group. In the toolbox, we
calculated the group Pearson correlation matrix from the single data sets of every
participant within the groups and tested it against random networks as a non-parametric
test for the correlation strength between the ROIs. We then FDR corrected the results
with an alpha level of @ = 0.05. The network inspector of the GraphVar toolbox displayed
the correlations as lines between the ROIs in dependence to plus/minus sign in red for
significant positive correlations or blue for significant negative correlations. The strength
of the lines defined the value of the correlation coefficient, the thicker the line was, the

higher was the correlation coefficient (Hofmeier, Wolpert et al. 2018).

Table 7 Preprocessing steps for resting state BOLD fMRI measurement
Preprocessing steps after image acquisition, until ROIs time-course extraction for functional connectivity analysis. According to

(Hofmeier, Wolpert et al. 2018).

Job Parameter/Setting

o ) ) set origin to AC for structural images, y-axis to AC-PC line / reorient functional to structural
set origin/image reorientation

images
slice timing correction middle slice as reference
realignment interpolation with 7th degree B-spline for functional images
segmentation segmentation of the structural images into GM, WM, CSF
coregistration coregistration of functional images to structural image
nuisance regression WM, CSF, Global Mean, head motion scrubbing for functional images
normalization normalization to MNI Space by 7th degree B-spline interpolation for structural/functional images
smoothing functional images FWHM with 5x5x5 mm
filtering 0.01-0.1 Hz

2.6 Body fluid diagnostic

2.6.1 Collecting body fluids

We collected saliva at three different time points during a day from each participant, at
the day before they came for their second examination day. The sample are taken at 8:00
am, 4:00 pm, and 11:00 pm by using a cotton Salivette (Salivette no. 51.1534, Sarstedt,
Niimbrecht, Germany). The unused samples were given to participants at the first
examination day. An instruction for handling the samples was additionally given to the

participants (Appendix G). An amount of approximately 1 ml was necessary, therefore

22



participants had to take the piece of cotton out of the Salivette and chew gently for about
30-60 s on it until they realized it was fully soaked with saliva. Afterwards they had to
put it back into the Salivette.

The samples were pseudonymized and sent to an analytic lab (MVZ Labor Dr. Limbach,
Heidelberg, Germany) (Hofmeier, Wolpert et al. 2018).

Additionally, a blood sample from every participant was taken for further epigenetic
analysis, looking for tinnitus related markers, associated with stress or psychological
disorders like anxiety or depression. These sample were stored frozen in a bio-database,

the analysis is not part of this work.

2.6.2 Body-fluid analysis
The cortisol values were compared for the three different time points between the groups.

Also, the time course within a group was analyzed for circadian changes (Hofmeier,

Wolpert et al. 2018).

2.7 Statistical analysis

We tested statistical significance at the alpha-level of 5 %. The significance level
indicated by a not significant (n.s.) =p > 0.05; * =p < 0.05; ** =p < 0.01; *** =p <
0.001. We used SPSS and MATLAB (for FDR correction of the fMRI data with an alpha-
level of 5 %) for the statistical tests.

For the hyperacusis questionnaire (Figure 6A, 16A) Mann-Whitney U test was used to

test for differences in questionnaire total score between the different groups (Hofmeier,
Wolpert et al. 2018).

For the tinnitus questionnaire (Figure 6B, 16B) Mann-Whitney U test was used to test for

differences in questionnaire total score between the different groups (Hofmeier, Wolpert

et al. 2018).

For the pure tone audiometry (Figure 9, Figure 19) For data in Figure 9, three-way

ANOVA with Tukey’s multiple comparisons test was used to test for differences in
hearing threshold between the different groups (Hofmeier, Wolpert et al. 2018). For data
in Figure 19, Mann-Whitney U test was used to test for differences in hearing threshold

between the different groups.
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For the ABR wave measurement (Figure 10, Figure 20) Shapiro-Wilk test was used to

test the normal distribution for amplitude and latency in each wave. For data in Figure
10, three-way ANOV A with Tukey’s multiple comparisons test was used to test the wave
amplitude and latency for significant differences between the groups (Hofmeier, Wolpert
et al. 2018). For data in Figure 20, one-way ANOV A was used to test the wave amplitude

and latency for significant differences between the groups.

For ROI analysis in task-evoked fMRI (Table 10, Figure 21, Figure 22, Figure 23) the

second level specification independent two-sample #-test of the SPM toolbox was used
for group analysis. Afterwards FDR correction was applied (Hofmeier, Wolpert et al.
2018).

For functional connectivity in predefined ROIs in resting-state fMRI (Figure 11, Figure

12, Figure 13) Pearson correlation coefficients within a group were calculated, afterwards

FDR correction was applied (Hofmeier, Wolpert et al. 2018).
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3. Results

In the first part of the results (3.1 — 3.5) data from the first study (Hofmeier, Wolpert et
al. 2018) including the control group and the tinnitus group is presented. The second part
of the results (3.6 — 3.9) showed data from the follow-up study in 2019, including beside
the control group and the tinnitus group also the group of tinnitus+hyperacusis (Hofmeier,

Wolpert et al. 2020, in preparation).

3.1 Recruitment of tinnitus patients without co-occurrence of hyperacusis

3.1.1 Identification of tinnitus and hyperacusis perception

To identify tinnitus-specific characteristics, two hearing matched groups with controls
and tinnitus participants are necessary. According to the point that hyperacusis as
idiopathic syndrome often occurs as comorbidity with around 60 % beside tinnitus
(Hesse, Rienhoff et al. 1999), we excluded co-occurrence of hyperacusis beside tinnitus
in the first study (Hofmeier, Wolpert et al. 2018), using the HKI questionnaire.

Study participants with and without tinnitus, who passed the ear examination, PTA and
fulfilled the inclusion/exclusion criteria were included and performed the HKI
questionnaire to classify a hyperacusis burden (Appendix D). Participants with an HKI
score larger than 11 points were included in subgroups for the study of
tinnitus+hyperacusis.

We include in a first approach 17 participants in the control group and 17 with tinnitus,
none of them having a score larger than 11 points from the HKI. With a mean of 5.71
points (SD 2.42) the score for the tinnitus group was larger than the score of the control
group (Mean 2.88 points, SD 2.80) but the difference was not statistically significant
(Figure 7A).

Participants with a tinnitus percept also performed the tinnitus questionnaire to classify
their tinnitus burden. Almost all of the tinnitus participants had a mild form of tinnitus
with scores in the lowest quarter of the G-H-S classification (Goebel and Hiller 1994,
Goebel and Biittner 2004), according to the G-H-S, with a mean of 14.82 points (SD
13.45), only two participants showed a moderate (second quarter of the G-H-S
classification) tinnitus score (Figure 7B) (Hofmeier, Wolpert et al. 2018).
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Summarized, we recruited a tinnitus group matched for hearing sensitivity and HKI
score to the control group. With a homogenous tinnitus burden and the exclusion of the

comorbidity of hyperacusis, due to a low HKI score.

A B
50
o
25 45 .
40
— 20
Z 7 3
= jan}
° O 30
S 15 Py
A g 25 s
g cut-off (2 °
g 10 £ 2 0
2 £ o
= =15

W

0 0
| control | control
B tinnitus W tinnitus

Figure 7 Hyperacusis and tinnitus classification

A Mean hyperacusis score for the control group (black, n = 17) and the tinnitus group (red, n = 17), included the single values in grey
dots within each group bar. A cut-off line at 11 points differentiated between non-hyperacusis and hyperacusis (>11 points). B Mean
tinnitus score for the control group (black, » = 17, due to no tinnitus percept, the group is just illustrated with 0 points) and the tinnitus
group (red, n = 17), included the single values in grey dots within each group bar. Modified according to (Hofmeier, Wolpert et al.
2018).

3.1.2 Identification of middle and inner ear function

To proof a normal middle and inner ear function we performed tympanometry with
stapedius reflex measurement to exclude participants with a disfunction of the middle ear.
All participant in both groups showed a normal middle ear function and stapedius reflex.
A selection of tympanograms from both groups is shown in Figure 8 (Hofmeier, Wolpert
et al. 2018).

Summarized, as part of the inclusion criteria all participants have a normal middle ear

function.
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Figure 8 Tympanograms for the control and tinnitus group

Sample of single tympanograms A The control group. B The tinnitus group. Modified according to (Hofmeier, Wolpert et al. 2018).

3.1.3 Gender, age, handedness within the control and the tinnitus group

Table 8 showed age, sex and handedness. With an average age of 32.5 years (SD 13.3
years, range 18 - 53 years) for the controls and 36.5 years (SD 12.6 years, range 21 - 61
years) for the tinnitus group, the same number of men (rn = //) and women (n = 6) in

each group, and almost the same handedness (controls n = 15 for right handedness and
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tinnitus n = /3 for right handedness), no significant differences existed in those datasets
(Hofmeier, Wolpert et al. 2018).
Summarized, age, sex and handedness were matched between the groups and may

therefore not cofound the study outcome.

Table 8 Non-audiological study participants data for the control and tinnitus group

Non-audiological data for sex and handedness. Modified according to (Hofmeier, Wolpert et al. 2018).

Group Group

Control Age Sex Handedness | Tinnitus Age Sex Handedness
K001 52 female right TO0O01 36 male left
K003 53 female right T002 21 male right
K004 59 female right T003 31 male right
K006 39 male right T006 45 female right
KNO1 21 female right T007 61 male right
KNO03 18 male right T009 34 male right
KNO5 41 female left TNO1 26 male right
KNO09 19 male right TNO02 31 female left
KN11 24 female right TNO3 34 male left
KN15 27 male right TNOS5 33 male right
KN16 27 male left TNO7 49 male right
KN19 53 male right TNO8 27 male right
KN20 27 male right TNI10 25 female right
KN21 28 male right TNI11 25 female right
KN22 26 male right TN16 26 male left
KN23 22 male right TNI18 61 female right
KN24 28 male right TN26 56 female right

3.2 Audiological evaluation for control and the tinnitus group

3.2.1 Analysis of hearing threshold differences between the control and tinnitus group

The PTA is measured to detected hearing loss, which is often causally related with
acoustic trauma or long-lasting noise exposure. The PTA was used for the group matching
to align the hearing of the participants to avoided effects in the ABR and fMRI
measurements caused due to differences in the hearing threshold between the groups. We
exclude participants (Appendix C), according to a hearing loss larger 40 dB at more than
one frequency and a non-clinical normal hearing definition. In Figure 9 we showed a
sample of single pure tone audiograms for the control and tinnitus group. The red filled

dots in the pure tone audiograms for the tinnitus group (right panels in Figure 9) showed
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the tinnitus localization for the frequency and the intensity, which is described in the

following chapter (3.2.2).
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Figure 9 Pure tone audiograms for the control and tinnitus group
Sample of single pure tone audiograms for the right and left ear A Control group. B Tinnitus group, red dot in the audiogram defines

the tinnitus localization for frequency and intensity. Modified according to (Hofmeier, Wolpert et al. 2018).

Both groups showed in higher frequencies (6 kHz and above) a hearing loss, which is in
general similar between booth groups and was not significantly different (three-way
ANOVA with Tukey’s multiple comparisons test, group comparison p = (.56, ear-side p
= (.84, frequency*ear-side p = .95, frequency*group*ear-side p = 0.99).
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Only for the frequencies within the single groups, a significant difference was found for
frequencies at 8 kHz and 10 kHz compared to low frequencies (three-way ANOVA with
Tukey’s multiple comparisons test, p = 0.0001).

Figure 10 showed the average PTA thresholds for the control and tinnitus group,
illustrating similarity of hearing thresholds between both groups (Hofmeier, Wolpert et
al. 2018).

Summarized, both groups showed nearly the same hearing threshold over all

frequencies. Within the group, hearing thresholds were higher for 8 kHz and 10 kHz.
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Figure 10 Pure Tone Audiometry measurement for the control group and tinnitus group
Averaged PTA measurements (mean value + SD) for the control group (black, n = 17) and the tinnitus group (red, n = 7), separated

for the right and left ear. Modified according to (Hofmeier, Wolpert et al. 2018).

3.2.2 Identification of individually perceived tinnitus frequency and loudness

To quantify the individual perceived tinnitus loudness in combination with the frequency
of the tone, the so-called tinnitus localization was performed. Table 9 summarized the
results from the G-H-S (named as ‘Tinnitus Score’ in Table 9) and tinnitus localization
(named as ‘Tinnitus Frequency & Intensity’ in Table 9) for the tinnitus group, together
with the Tinnitus-CRF (named as ‘Tinnitus laterality’ for the tinnitus percept during the
last days before the first examination day in Table 9). For the tinnitus localization, the
tone is perceived with a mean frequency of 7.33 kHz for the right and 7.62 kHz for the
left ear (SD 2.35 kHz and SD 2.14 kHz respectively), with an averaged loudness of 22.04
dB HL for the right and 24.62 dB HL for the left ear (SD 10.17 dB HL and SD 19.88 dB
HL respectively). In general, the participants perceive their tinnitus bilateral (65 %, 23 %
single-sided for the right and 12 % single-sided for the left ear), with nearly the same
frequency for both sides. Whereas the tinnitus intensity differed for some participants

with bilateral tinnitus within their ears in a larger range (Hofmeier, Wolpert et al. 2018).
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Summarized, the tinnitus was perceived in higher frequencies (7.33 kHz and 7.62 kHz

for the right and left ear respectively).

Table 9 Tinnitus specific characteristics for the tinnitus group
Individual tinnitus characteristics with total tinnitus score, tinnitus percepts over the last days (before examination day 1) and tinnitus

localization. Modified according to (Hofmeier, Wolpert et al. 2018).

Group Tinnitus Frequency and Intensity
Tinnitus Tinnitus Tinnitus laterality Hz (right) dB (right) Hz (left) dB (left)
score
T001 0 low moderate moderate 8000 15 8000 15
T002 3 low low --- 10 6 10 4
T003 17 low low - 6000 30 6000 70
T006 21 moderate moderate - 6000 27 6000 27
T007 10 low --- --- 4000 23 --- -
T009 7 - moderate - --- --- 8000 34
TNO1 24 moderate - - 10 35 - -
TNO2 7 low - - 8000 31 - -
TNO3 48 --- low --- - - 10 31
TNO5 12 very low inaudible - 10 28 - -
TNO7 4 --- --- mild 10 47 10 48
TNO8 13 inaudible inaudible very low 10 13 10 10
TN10 7 inaudible inaudible inaudible 4000 12 8000 7
TNI11 10 very low very low very low 6000 14 8000 7
TN16 19 high low moderate 8000 15 6000 3
TN18 44 moderate high moderate 4000 41 3000 26
TN26 6 low moderate - 6000 19 6000 38

3.2.3 Identification of difference in early and late supra-threshold sound induced ABR
To analyze possible differences between the groups in the early auditory processing
alongside the auditory brainstem we performed supra-threshold ABR measurements. The
fine structure analysis of the ABR wave form allows a differential view for temporal
processing according to the latency and amplitude.

The peaks of the amplitude of the ABR wave form are generated by synchronous firing
of neurons from the cochlear nerve and the synchronicity of the summating potentials of
the nerves along the auditory pathway (Riittiger, Zimmermann et al. 2017).

To determine the waves within the recording window, we used a temporal criterion for
wave I, III, V, and VI with a time window of 1-2 ms, 3-4 ms, 5-6 ms, and 6-8 ms

respectively (Campbell, Picton et al. 1981).
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For the ABR wave amplitude at a stimulus intensity of 75 dB nHL we analyzed for the
wave V a significant reduction in amplitude for the tinnitus group, compared to the
control group in both ears (three-way ANOVA with Tukey’s multiple comparison test,
for the right ear p = 0.046, for the left ear p = 0.02). But also, a prolonged wave V latency
for 75 dB nHL in the tinnitus group in both ears (three-way ANOVA with Tukey’s
multiple comparison test, for the right ear p = 0.034, for the left ear p = 0.016) (Figure
11).

For the other waves (I, I1I, and VI) we observed no differences in latencies and amplitudes
at 75 and 65 dB nHL.

We measured in 10 dB steps from 75 dB nHL down to 25 dB nHL. Due to the awake
state of the participants during an ABR measurement, it is difficult to determine other
waves than wave V near the hearing threshold (Lehnhardt 2009). Therefore, from 55 dB
nHL to 25 dB nHL we only analyzed wave V. Here we observed significant prolonged
wave V latency for the right ear at 25 and 35 dB nHL (three-way ANOVA with Tukey’s
multiple comparison test, for 25 dB nHL p = 0.013, for 35 dB nHL p = 0.02) and for the
left ear at 35 dB (three-way ANOVA with Tukey’s multiple comparison test, p = 0.02)
(Figure 11). In general, for the other intensities, there was a prolonged latency, but this
was not significant (Hofmeier, Wolpert et al. 2018).

Summarized, the results showed in the tinnitus group reduced and delayed responses to
sound in late (central) brainstem regions (ABR wave V) compared to the control group.
Also, for lower sound intensities there was a delayed late ABR response (wave V) —

especially significant at 25 and 35 dB nHL for the right and at 35 dB nHL for the left ear.
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Figure 11 Supra-threshold Auditory Brainstem Response analysis for the control and tinnitus group

First row Averaged ABR wave L, III, V & VI as amplitude-latency plot at 75 dB nHL for the control group (black, n = /7) and the
tinnitus group (red, n = 17) for right ear (left panel) and left ear (right panel). Amplitudes of the waves are connected via a doted-line.
Second raw Averaged ABR wave I, III, V & VI latency-supra-threshold amplitude plot at 65 dB nHL, equivalent to first row. Third
row Intensity-latency function curve for averaged ABR wave I, 111, V, and VI latencies (at 75 and 65 dB nHL; Wave V also at 55, 45,
35 and 25 dB nHL) equivalent to first row. Modified according to (Hofmeier, Wolpert et al. 2018).
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3.3 Analysis of task-evoked and resting state BOLD response

3.3.1 Identification of differences in sound induced BOLD response between the control
and tinnitus group for different auditory stimuli

Beside the reduced late ABR response in the tinnitus group, we were curious if the
response to sound in the fMRI measurements reflect these results. Therefore, we
measured both groups with different acoustic stimuli in a 3-T MRI Scanner according to
the described block design, using cardiac gating with a TR-correction procedure.

For the acoustic stimulation with the BB-chirp, we observed in the tinnitus group less
activity compared to the control group for sound induced BOLD response in the left
primary auditory cortex (BA41) the left and right Wernicke area (BA21, BA22) and in
the left auditory thalamus (MGB), shown in Table 10A. Interestingly, lower BOLD
response were also observed in regions of the left and right hippocampus and the left
posterior insula (BA13P).

On the other side, we only observed enhanced activity for the BB-chirp stimuli in the
tinnitus group, compared to the control group in one region, the right anterior insula
(BA13A) (Table 10B).

For the HF-chirp measurement we also analyzed lower BOLD response in the tinnitus
group, compared to the control group for the right primary and secondary auditory cortex
(BA41, BA42) and also in the posterior insula (BA13P) and left and right hippocampus,
shown in Table 10A. We did not find enhanced BOLD response in the predefined
analyzed ROIs for the HF-chirp in the tinnitus group, compared to the control group.
The LF-chirp measurement showed less differences in lower BOLD response for the
tinnitus group compared to the control group. But also, parts of the right primary auditory
cortex (BA41) and the right posterior insula (BA13P) appeared to respond with less
activity as we saw it for the BB- and HF-chirp (Table 10A). For enhanced activity in the
tinnitus group compared to the control group, the left anterior insula (BA13A) appeared
similar as it was for the BB-chirp. Interestingly, regions in the somatosensory cortex
(BA1, BA2) responded to sound with elevated BOLD activity (Table 10B).

For the acoustic stimulation with music, we found lower activity in the tinnitus group in
primary and secondary auditory cortex regions (BA41-L, BA42-R) and also for the
Wernicke area (BA21-L, BA22-R) (Table 10A).
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The tinnitus group showed enhanced activity for the music stimuli compared to the
control group in the left anterior insula (BA13A), similar to what was found for the BB-
and LF-chirp. In regions of the limbic system, as the right mamillary body (Mam.-Body),
higher BOLD response to sound was observed (Table 10B) (Hofmeier, Wolpert et al.
2018).

Summarized, the tinnitus group showed generally lower BOLD responses to sound,
compared to the control group in primary and secondary auditory cortex regions (BA41,
BA42), in the multimodal regions in the lateral temporal lobe for complex sound and
language processing (BA 21, BA22) (Mirz, Ovesen et al. 1999, Bernal, Altman et al.
2004) and in regions which are responsible for shaping auditory skills as the hippocampus
or the posterior insula (BA13P) (Sadaghiani, Hesselmann et al. 2009, Kraus and White-
Schwoch 2015, Weinberger 2015).

Enhanced activity as response to sound stimuli in the tinnitus group in comparison to the
control group appeared in regions for distress, like the anterior insula (BA13A) and the
mamillary body (Mam.-Body) as part of the limbic system (Wang, Rao et al. 2005,
Vanneste, Plazier et al. 2010, Carpenter-Thompson, Akrofi et al. 2014, Bubb, Kinnavane
et al. 2017).

Table 10 Results for task-evoked fMRI measurement

Significant (p < 0.05, FDR corrected) activity differences (mean t-score value) in predefined ROIs (Table 2) for task-evoked fMRI in
the tinnitus group (» = /7) compared to the control group (n = 17) for different types of stimuli (BB-chirp, HF-chirp, LF-chirp, and
music piece). A For lower BOLD response in the tinnitus group (compared to the control group) B For higher BOLD response in the

tinnitus group (compared to the control group). Modified according to (Hofmeier, Wolpert et al. 2018).

Stimuli Brain Region Lower BOLD response (as A t-score) in the

tinnitus group (compared to the control group)

BB-chirp BA41-L -1.57
BA21-L -2.33
BA22-L -1.48
BA21-R -2.05
BA22-R -2.19
MGB-L -1.4
Hippocampus-L -1.51
BA13P-L -2.03
Hippocampus-R -1.8
HF-chirp BA41-R -1.76
BA42-R -2.33
BA13P-R -1.31
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Hippocampus-R -1.78

Hippocampus-L -1.52

LF-chirp BA41-R -1.6

BA13P-R -1.42

Music piece BA41-L -1.4

BA21-L -2.37

BA42-R -1.99

BA22-R -2.24

Stimuli Brain Region Higher BOLD response (as A t-score) in the
tinnitus group (compared to the control group)

BB-chirp BA13A-R 2.04
LF-chirp BAI-L 1.74
BA2-L 1.96

BAI3A-L 2.08

Music piece BAI3A-L 2.44
Mam.-Body-R 2.2

3.3.2 Functional connectivity analysis for resting state BOLD fluctuation between the
control and tinnitus group

Previous studies, discovered relations between task-evoked BOLD activity and
synchronous resting state activity (Haag, Heba et al. 2015). Therefore, we looked into
resting state functional connectivity (r-fcMRI) measurements in our participant groups
and screened for relations to our task-evoked fMRI measurement results. We analyzed
whole brain resting state measurements, by looking for correlations between BOLD
fluctuations for predefined auditory specific ROIs, stress and attentional associated ROIs
in the prefrontal cortex and also ROIs in the limbic system.

We screened for correlations (functional connectivity) within ROIs in the auditory
pathway (CN, SOC, IC, MGB, BA41, BA42, BA21, and BA22) and regions, not directly
associated within the auditory cortex, which contains the posterior insula (BA13P) and
the hippocampus as regions for shaping auditory skills (Sadaghiani, Hesselmann et al.
2009, Kraus and White-Schwoch 2015, Weinberger 2015) — named as auditory
processing network (Figure 12).

Then for ROIs in the auditory pathway and regions in limbic system, containing ROIs in

the amygdala, the entorhinal cortex (BA28), and the anterior insula (BA13A) as regions
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associated with stress and distress (Husain 2016, Leaver, Turesky et al. 2016, Chen, Xia
et al. 2017) — named as emotional distress network (Figure 13).

As last network — named as attentional network, for ROIs in the auditory pathway to
regions the fronto-parietal and temporofrontal network (BA45, BA46, BA47, BA9),
which were associated for attention (Cieslik, Mueller et al. 2015).

We analyzed the groups separately. We observed in the control group for the ROIs in the
auditory pathway (CN, SOC, IC, MGB, BA41, BA42, BA21, and BA22) positive
correlations between homologous right and left hemispheric regions (Figure 12 left upper
panel), while we did not see those correlations in the tinnitus group (Figure 12 right upper
panel). Also, positive correlations between lower auditory specific brainstem regions and
the regions of the auditory processing network, the posterior insula (BA13P) and the
hippocampus for the control group (Figure 12 left upper panel), did not appear in the
tinnitus group (Figure 12 right upper panel).

We observed in the tinnitus group more negative correlations between regions in the
auditory pathway, especially between lower auditory specific regions in the brainstem
(CN, SOC, and IC) and the auditory thalamus (MGB) (Figure 12 right lower panel), but
also from the superior olivary complex (SOC) to the posterior insula (BA13P) and the

hippocampus, negative correlation appeared.
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Figure 12 Functional connectivity pattern in the auditory processing network

Functional connectivity analysis for resting state measurements by Pearson correlation coefficient between different ROIs. Lines
between the ROIs represent significant correlations (p < 0.05, FDR corrected), while the line thickness shows the strength of the
correlation coefficient, the color stands for positive (red) or negative (blue) correlations. The left upper and lower panel shows the
control group for positive and negative correlations separated, the right upper and lower panel shows the tinnitus group for positive
and negative correlations. ROIs are separated in three areas, subcortical auditory regions (brighter grey background), primary and
secondary auditory cortex regions (white background) and additional auditory processing areas (darker grey background). Modified

according to (Hofmeier, Wolpert et al. 2018).

For the limbic network we found in the control group positive correlations between the
cortical regions in the primary and secondary auditory cortex (BA41, BA42) to regions
associated with distress and stress, as the amygdala, entorhinal cortex (BA28) and the
anterior insula (BA13A) (Figure 13 upper left panel), while those positive correlations
did not appear in the tinnitus group (Figure 13 upper right panel).

In contrast, the tinnitus group showed positive correlations between lower auditory
pathway regions in the brainstem (CN, IC) and the regions of the limbic network

(amygdala, BA28, BA13A) (Figure 13 upper right panel).
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Figure 13 Functional connectivity pattern in the emotional distress network

Functional connectivity analysis for resting state measurements by Pearson correlation coefficient between different ROIs. Lines
between the ROIs represent significant correlations (p < 0.05, FDR corrected), while the line thickness shows the strength of the
correlation coefficient, the color stands for positive (red) or negative (blue) correlations. The left upper and lower panel shows the
control group for positive and negative correlations separated, the right upper and lower panel shows the tinnitus group for positive
and negative correlations. ROIs are separated in three areas, subcortical auditory regions (brighter grey background), primary and
secondary auditory cortex regions (white background) and emotional distress regions (darker grey background). Modified according

to (Hofmeier, Wolpert et al. 2018).

For the attentional network, ROIs in the fronto-parietal and temporofrontal network
(BA45,BA46,BA47, BA9) in relation to ROIs from the auditory pathway were analyzed.
We observed in the control group positive correlations between higher auditory specific
regions in the primary and secondary auditory cortex to regions in the fronto-parietal and
temporofrontal network (Figure 14 left upper panel), which did not appear in the tinnitus
group, instead we found here positive correlations from lower auditory specific regions
in the brainstem (CN, SOC, and IC) and auditory thalamus (MGB) to regions in the
fronto-parietal and temporofrontal network (Figure 14 right upper panel).

For negative correlations we observed in the control group, a pattern like it appeared in
the tinnitus group for positive correlations, from lower auditory specific regions in the

brainstem (CN, SOC, and IC) and auditory thalamus (MGB) to regions in the fronto-
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parietal and temporofrontal network (Figure 14 compare left lower panel with right upper
panel) (Hofmeier, Wolpert et al. 2018).

Summarized, we observed in the tinnitus group fewer positive correlations between
ROIs in the auditory pathway, especially between lower auditory specific regions in the
brainstem and for correlations from these regions to the auditory specific network
(hippocampus and posterior insula) (Figure 14 right upper panel compared to the left
upper panel). While in the tinnitus group more negative correlations appeared in those
lower brainstem regions, as we observe it in the control group (Figure 12 right lower
panel).

We observed additionally in the tinnitus group more positive correlations in the distress
associated limbic network (amygdala, entorhinal cortex (BA28) and the anterior insula
(BA13A), to ROIs from the auditory pathway (CN, SOC, IC, MGB, BA41, BA42, BA21,
and BA22) (Figure 13).

For the attentional network, with ROIs in the fronto-parietal and temporofrontal cortex,
we observed positive correlations in the tinnitus group from lower auditory specific ROIs
to those attentional network regions, which were not observed in the control group. We
found in the tinnitus group positive correlations from lower auditory pathway regions in
the brainstem to the stress excitation associated region of the medial BA9 area, while the
control group had more negative correlations for those connections.

Instead in the control group we analyzed positive correlations of higher auditory pathway
regions in the multimodal lateral temporal lobe (BA22) with the stress inhibition

associated and auditory-specific attentional regions within the dorso-lateral BA9.
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Figure 14 Functional connectivity pattern in the attentional network

Functional connectivity analysis for resting state measurements by Pearson correlation coefficient between different ROIs. Lines
between the ROIs represent significant correlations (p < 0.05, FDR corrected), while the line thickness shows the strength of the
correlation coefficient, the color stands for positive (red) or negative (blue) correlations. The left upper and lower panel shows the
control group for positive and negative correlations separated, the right upper and lower panel shows the tinnitus group for positive
and negative correlations. ROIs are separated in three areas, subcortical auditory regions (brighter grey background), primary and
secondary auditory cortex regions (white background) and temporofrontal attentional areas (darker grey background). Modified

according to (Hofmeier, Wolpert et al. 2018).

3.4 Analysis of cortisol saliva between the control and tinnitus group

Since tinnitus is associated with stress (Hébert, Canlon et al. 2012), we analyzed cortisol
in saliva to detect possible differences between both groups.

We took three samples of saliva at defined time points (8:00 am, 4:00 pm, and 11:00 pm)
and analyzed the time point between the groups and also within each group over the time
points. While the tinnitus group had in general, a higher cortisol level for the single time
points compared to the control group. These differences were statistically not significant
(two-way ANOVA with repeated measurement, for the group comparison p = 0.062)
(Figure 15). For both groups, the typical circadian rhythmic appeared over the sample
time points, with higher cortisol values in the morning and dropping values during the

day (Hofmeier, Wolpert et al. 2018).
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Summarized, the tinnitus group showed a tendency of higher cortisol levels over all time
points, with circadian rhythmic just as the controls.

cortisol (saliva)
B control :|
5 B tinnitus s
4 -

8:00 am 4:00 pm

11:00 pm
Figure 15 Cortisol in saliva for the control and tinnitus group

Cortisol level in saliva as mean for the control group (black, n=17) and tinnitus group (red, n=17) for three time points over the day

at 8:00 am, 4:00 pm and 11:00 pm. Standard error is given for every value. Modified according to (Hofmeier, Wolpert et al. 2018).
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3.5 Presentation of identified tinnitus-specific biomarkers

We identified in normal hearing to mild hearing-impaired matched participant with
tinnitus, reduced and prolonged late brainstem responses, reduced task-evoked BOLD
response together with reduced r-fcMRI in auditory specific regions compared to healthy
controls. While these tinnitus participants showed increased r-fcMRI in attention and
stress associated ROIs with a tendency of increased cortisol level in saliva, associated

with higher stress response in comparison to the control group.
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Figure 16 Summarized biomarker for tinnitus
Identified biomarkers in tinnitus participants for supra-threshold sound induced ABR, task-evoked BOLD fMRI/r-fcMRI and
cortisol analysis. A Example of an auditory signal in the brainstem and a schematic drawing of the human ascending auditory
pathway. B Alterations in the tinnitus group, compared to the control group for different level of analysis. Modified according to

(Mohrle, Hofmeier et al. 2019)

3.6 Recruitment of tinnitus patients with co-occurrence of hyperacusis

3.6.1 Identification of tinnitus and hyperacusis perception
We separated participants with a tinnitus percept into two groups, one without the
comorbidity of hyperacusis (named as tinnitus group) and a group including those with

the comorbidity of hyperacusis (named as tinnitus+hyperacusis group) by using the HKI
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questionnaire. During the recruitment in the follow-up study in 2019, we searched
especially for tinnitus participants with co-occurrence of hyperacusis.

We included 43 participants in the control group, with an average HKI score of 4.10
points (SD 2.48 points), in the tinnitus group 30 participants with an average HKI score
of 6.00 points (SD 2.91 points), and in the group of tinnitus+hyperacusis 20 participants
with an average HKI score of 16.10 points (SD 3.60 points) (Figure 17A). Using Mann-
Whitney-U test, significant differences were found between the control group and
tinnitusthyperacusis group (p < 0.00]) and also between the tinnitus and
tinnitus+hyperacusis group (p < 0.001).

The score from the G-H-S tinnitus questionnaire defined the intrusiveness of the
perceived tinnitus. From the 30 participants included in the tinnitus group, 28 can be
classified with a mild form of tinnitus (lowest quarter of the G-H-S classification), only
two participants (6.66 %) showed a moderate (second quarter of the G-H-S classification)
form of tinnitus. The tinnitus group had a mean of 14.21 points (SD 9.82 points), which
was significant lower (p < 0.001, Mann-Whitney-U test) compared to the group of
tinnitus+hyperacusis with a mean of 28.60 points (SD 12.03 points) (Figure 17B). In this
group 7 of 20 participants (35 %) showed a moderate form of tinnitus (second quarter of
the G-H-S classification).

Summarized, with the hyperacusis questionnaire we were able separated participants
with a tinnitus percept and a tinnitus percept with the comorbidity of hyperacusis. The
tinnitus group was not different compared to the control group, which also showed no
affectedness by hyperacusis according the questionnaire score. Both groups with a
tinnitus percept showed an averaged mild form of tinnitus, according to the severity
classification of the tinnitus questionnaire, whereby the burden for the

tinnitus+hyperacusis group is significantly higher compared to the tinnitus group.
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Figure 17 Hyperacusis and tinnitus classification

A Mean hyperacusis score for the control group (black, n = 43), the tinnitus group (red, » = 30) and the tinnitus+hyperacusis group
(blue, n = 20), included the single values in grey dots within each group bar. A cut-off line at 11 points differentiated between non-
hyperacusis and hyperacusis (>11 points). B Mean tinnitus score for the control group (black, n = 43, due to no tinnitus percept, the
group is just illustrated with 0 points), the tinnitus group (red, n = 30) and the tinnitus+hyperacusis group (blue, n = 20), included the

single values in grey dots within each group bar.

3.6.2 Identification of middle and inner ear function
We performed tympanometry with stapedius reflex measurements for the three groups.
All participants showed a normal middle ear function and stapedius reflex. A sample of

tympanograms of all three groups is shown in Figure 18.
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Figure 18 Tympanograms for the control, tinnitus and tinnitus+hyperacusis group

Sample of tympanograms A The control group. B The tinnitus group. C The tinnitus+hyperacusis group.

3.6.3 Gender, age, handedness within the control, tinnitus and tinnitus+hyperacusis
group

The non-audiological characteristics between all three groups were listed in Table 11.
The 43 included participants in the control group showed a similar averaged age (Mean
26.51 years, SD 5.83 years, range 18 - 45 years), compared to the tinnitus group (Mean
29.73 years, SD 7.86 years, range 20 - 50 years) and the tinnitusthyperacusis group
(Mean 26.95 years, SD 6.94 years, range 21 - 49 years). Also, the handedness did not
differ significantly, with about 92 % are right handed in the control group (39 of 43
participants), 87 % in the tinnitus group (26 of 30 participants), and 85 % in the
tinnitus+hyperacusis group (17 of 20 participants). We had also a homogenous matching

with these non-audiological data.
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For sex, we observe differences between the groups. The control group showed an equal
distribution with 55 % included females (23 of 43 participants). The tinnitus group instead
contained significant more men (21 of 30 participants), compared to the control group
(Mann-Whitney-U test, p = 0.048). While the tinnitus+hyperacusis group had more
recruited females (14 of 20 participants) compared to the control group but not
statistically significant (Mann-Whitney-U test, p = (.22). Between the tinnitus group and
the tinnitust+hyperacusis group, the difference in sex was highly significant (Mann-
Whitney-U test, p = 0.0006).

Summarized, for non-audiological data, the groups showed, excepted sex, equal

distribution of age and handedness.

Table 11 Non-audiological study participants data for the control, tinnitus and tinnitus+hyperacusis group

Non-audiological data for age, sex and handedness.

Group Group Group
Control Age Sex Hande | Tinnitu Age Sex Hande Tinnitus+ Age Sex Hande
dness S dness | Hyperacusis dness

K002 27 female right T0O1 36 male left TNI12 24 male right
K006 39 male right T002 21 male right TN13 21 female left
KNO1 21 female right T006 45 female right TN17 26 female right
KNO02 26 female right T009 34 male right TN19 34 female right
KNO03 18 male right TNO1 26 male right TN20 28 female right
KNO04 32 female right TNO3 34 male left TN21 24 female right
KNO5 41 female left TNO4 23 male left TN22 21 female right
KNO06 21 female right TNO5 33 male right TN23 24 female right
KNO7 23 female right TNO8 27 male right TN25 22 female right
KNO08 18 female right TN10 25 female right TN28 30 female right
KNO09 19 male right TNI11 25 female right TS020 24 female right
KN10 20 female right TN16 26 male left TS033 49 male left
KN11 24 female right TS004 44 male right TS037 23 female right
KN14 20 female right TS005 29 male right TS040 23 female right
KN16 27 male left TS008 20 female right TS044 20 male left
KN17 24 male left TS010 26 male right TS048 27 male right
KN18 26 male right TS017 29 male right TS050 21 female right
KN20 27 male right TS019 25 male right TS057 33 male right
KN21 28 male right TS021 27 male right TS061 29 male right
KN22 26 male right TS031 50 male right TS067 36 female right
KN23 22 male right TS032 24 male right

KN25 22 female right TS036 27 female right

TS002 31 male right TS049 26 male right

47



TS003 30 female right TS053 29 male right

TS012 19 male right TS054 21 female right
TS014 26 male right TS059 35 female right
TS015 30 female right TS062 36 male right
TS016 26 female right TS068 25 male right
TS024 27 male right TS070 20 female right
TS025 27 male right TS073 44 female right

TS027 24 female right
TS028 26 male right
TS029 45 female right
TS030 27 male right
TS039 26 female right
TS041 25 female left

TS042 31 male right
TS047 28 female right
TS056 22 male right
TS060 24 female right
TS063 35 female right
TS071 27 female right
TS072 33 male right

3.7 Audiological evaluation of control, tinnitus and the tinnitus+hyperacusis

group

3.7.1 Analysis of hearing threshold differences between the control, tinnitus and
tinnitus+hyperacusis group

The PTA is measured to detected hearing loss, which is often causally related with
acoustic trauma or long-lasting noise exposure. The PTA was used for the group matching
to align the hearing of the participants to avoided effects in the ABR and fMRI
measurements caused due to differences in the hearing threshold between the groups. We
exclude participants (Appendix C), according to a hearing loss larger 40 dB at more than
one frequency and a non-clinical normal hearing definition.

In the three recruited groups, we observed in almost all participants even up to 10 kHz
(highest measured frequency for the PTA) hearing thresholds not higher than 20 dB HL,
which is the threshold to define a normal clinical hearing for the frequency range of 0.25

kHz to 4 kHz.
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Figure 19 showed a sample of single pure tone audiograms for the different groups. For
participants with a tinnitus percept, the red filled dot showed the tinnitus localization for

the frequency and intensity.
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Figure 19 Pure tone audiograms for the control, tinnitus, and tinnitus+hyperacusis group
Samples of single pure tone audiograms for the right and left ear A Control group. B Tinnitus group, red dot in the audiogram defines
the tinnitus localization for frequency and intensity. C Tinnitus+hyperacusis group, red dot in the audiogram defines the tinnitus

localization for frequency and intensity.

The averaged PTA (Figure 20) results between the three groups were not significant
different (p > 0.05), neither for the control group to the tinnitus group, nor for the control
group to the tinnitusthyperacusis group, nor between the tinnitus and
tinnitus+hyperacusis group, using Mann-Whitney-U test (p > 0.05).

Summarized, all three groups had the same hearing threshold. There was also no

difference between lower and higher frequencies within the groups.
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Figure 20 Pure tone audiometry measurement for the control, tinnitus and tinnitus+hyperacusis group
Averaged PTA (mean value + SD) for the control group (black, n = 43), the tinnitus group (red, » = 30) and the tinnitus+hyperacusis

group (blue, n = 20) separated for the right and left ear.

3.7.2 Identification of individual perceived tinnitus frequency and loudness in the tinnitus
and tinnitus+hyperacusis group

Tinnitus localization was performed to quantify the individual perceived tinnitus loudness
a frequency for the participants in both tinnitus groups.

Table 12 summarized the G-H-S (named as ‘Tinnitus Score’ in Table 12) and tinnitus
localization (named as ‘Tinnitus Frequency & Intensity’ in Table 12) for the tinnitus
group, together with the Tinnitus-CRF (named as ‘Tinnitus laterality’ for the tinnitus
percept during the last days before the first examination day in Table 12).

The tinnitus group perceived the tinnitus tone at a mean frequency of 5.53 kHz for the
right and 6.15 kHz for the left ear (SD 2.98 kHz and SD 2.83 kHz respectively), with an
averaged loudness of 18.28 dB HL for the right and 14.83 dB HL (SD 11.29 dB HL and
SD 9.81 dB HL respectively). In general, the participants in the tinnitus group perceived
their tinnitus bilateral (60 %, 23.33 % single-sided for the right and 16.66 % single-sided
for the left ear), with nearly the same frequency for both sides. Whereas the tinnitus
intensity differed in some cases in a larger range within a participant with bilateral tinnitus

percept.
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Table 12 Tinnitus specific characteristics for the tinnitus group

Individual tinnitus characteristics with total tinnitus score, tinnitus percepts over the last days (before examination day 1) and tinnitus

localization.
Group Tinnitus laterality Tinnitus frequency & Intensity
Tinnitus Tinnitus Right Left Inner Head kHz (right) dB (right) kHz (left) dB (left)
score
T001 0 low moderate moderate 8 15 8 15
T002 3 low low - 10 6 10 4
T006 21 moderate moderate --- 6 27 6 27
T009 7 --- moderate --- --- --- 8 34
TNO1 24 moderate - - 10 35 — —
TNO3 48 --- low --- - - 10 31
TNO04 7 inaudible inaudible - 4 5 4 6
TNO5 12 very low inaudible - 10 28 - -
TNO8 13 inaudible inaudible very low 10 13 10 10
TN10 7 inaudible inaudible inaudible 4 12 8 7
TNI11 10 very low very low very low 6 14 8 7
TNI16 19 high low moderate 8 15 6 3
TS004 22 --- low --- - - 1 13
TS005 7 moderate low inaudible 3 15 3 21
TS008 19 --- moderate --- --- --- 0.5 10
TS010 13 --- --- low 8 14 8 18
TS017 18 inaudible low low 6 18 6 14
TS019 7 very low 2 14 2 11
TS021 10 low low inaudible 8 13 8 15
TS031 38 high high --- 6 34 6 34
TS032 4 moderate --- inaudible 4 57 --- ---
TS036 5 very low --- inaudible 1.5 15 --- ---
TS049 15 low very low low 4 5 4 1
TS053 16 --- very low --- 6 17 6 17
TS054 9 low very low low 6 11 8 9
TS059 13 moderate low --- 3 23 3 26
TS062 9 - low very low - - 8 8
TS068 8 low --- inaudible 4 24 - -
TS070 26 inaudible inaudible 0.5 16 --- ---
TS073 6 very low --- --- 0.125 11 --- ---

Table 13 summarized the G-H-S (named as ‘Tinnitus Score’ in Table 13) and tinnitus
localization (named as ‘Tinnitus Frequency & Intensity’ in Table 13) for the

tinnitus+thyperacusis group, together with the Tinnitus-CRF (named as ‘Tinnitus
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laterality’ for the tinnitus percept during the last days before the first examination day in
Table 13).

In the tinnitus+hyperacusis group, for the tinnitus localization, the tone was perceived at
a mean frequency of 5.79 kHz for the right and 5.71 kHz for the left ear (SD 3.22 kHz
and SD 2.85 kHz respectively), with an averaged loudness of 14.59 dB HL for the right
and 13.58 dB HL (SD 9.08 dB HL and SD 6.69 dB HL respectively). In general, the
participants in the tinnitus+hyperacusis group perceived their tinnitus bilateral (80 %, 15
% single-sided for the right and 5 % single-sided for the left ear), with nearly the same
frequency for both sides. Whereas the tinnitus intensity differed in some cases in a larger

range within a participant with bilateral tinnitus percept.

Table 13 Tinnitus specific characteristics for the tinnitus+hyperacusis group

Individual tinnitus characteristics with total tinnitus score, tinnitus percepts over the last days (before examination day 1) and tinnitus

localization.
Group Tinnitus laterality Tinnitus frequency & Intensity
Tinnitus+ Tinnitus Right Left Inner kHz (right) dB (right) kHz (left) dB (left)
Hyperacusis score Head
TNI12 18 low very low very low 1 11 8 22
TN13 9 - very low - - - 10 5
TN17 31 very low very low very low 8 8 8 8
TN19 16 low - - 10 20 --- ---
TN20 30 low high inaudible 10 21 1 16
TN21 19 very low very low moderate 1 11 0.75 13
TN22 45 moderate moderate - 6 9 6 10
TN23 31 low low - 1 13 10 9
TN25 23 low moderate inaudible 4 15 4 15
TN28 28 high moderate inaudible 8 40 6 23
TS020 35 --- moderate --- --- --- 6 20
TS033 32 low moderate low 6 10 6 18
TS037 53 high very low low 4 15 4 20
TS040 27 low moderate - 8 9 6 11
TS044 23 --- inaudible inaudible --- --- 0.75 5
TS048 32 --- --- moderate 8 30 6 9
TS050 22 low low - 6 2 6 1
TS057 18 moderate moderate inaudible 6 9 6 25
TS061 57 moderate moderate inaudible 10 15 10 16
TS067 23 very low inaudible inaudible 1.5 10 4 12

52



Summarized, both groups showed a bilateral tinnitus percept (60% for the tinnitus group
and 80% in the tinnitus+hyperacusis group), while for single-sided tinnitus a right-sided
percept predominated. The precepted frequency appeared in both groups for a similar
mean (tinnitus group - 5.53 kHz for the right and 6.15 kHz for the left side,
tinnitus+hyperacusis group 5.79 kHz for the right and 5.71 kHz for the left side), while

the precepted loudness not significantly differed between them.

3.7.3 Identification of difference in early and late supra-threshold sound induced
brainstem response

To analyze possible differences between the groups in the early auditory processing
alongside the auditory brainstem we performed supra-threshold ABR measurements. The
fine structure analysis of the ABR wave form allows a differential view for temporal
processing according to the latency and amplitude.

In the tinnitus group compared to the control group, we observed for the ABR wave V
amplitudes at the stimulus intensity of 75 dB nHL a significant reduction in the tinnitus
group, compared to the control group in both ears (one-way ANOVA, for the right ear p
= (0.029, for the left ear p = 0.05) (Figure 21A, first row). A reduced wave VI amplitude
for the right ear was observed in the tinnitus group (p = 0.004), wave I and III showed no
significant difference. At 65 dB nHL, we observed for the right ear a significant reduced
(p = 0.008) amplitude in the tinnitus group (Figure 21A, second row).

For the latencies a significant delay was observed for wave V at 75 dB nHL for both ears
(one-way ANOVA, for the right ear p = 0.001, for the left ear p = 0.001), at 65 dB nHL
for both ears (for the right ear p = (0.0435, for the left ear p =0.003), at 55 dB nHL for the
right ear (p = 0.013), at 45 dB nHL for both ears (for the right ear p < 0.001 and for the
left ear p = 0.027), at 35 dB nHL for the right ear (p < 0.001), and at 25 dB nHL for the
right ear (p = 0.014) (Figure 21A, third row).

The tinnitus group had a significant larger IPL at 75 dB nHL for wave III-V in both ears
(one-way ANOVA, for the right ear p = 0.048, for the left ear p < 0.001), for IPL wave
I-V in both ears (one-way ANOVA, for the right ear p = 0.002, for the left ear p = 0.002)
was observed (Figure 21A, first row). At 65 dB nHL IPL wave III-V for the left ear was
also significantly larger (p = 0.046) (Figure 21A, second row).
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In the tinnitus+hyperacusis group compared to the control group, larger amplitudes for
the ABR waves at 75 dB nHL in the group of tinnitus+hyperacusis were observed. For
wave III, we observed a significant increased amplitude for the left ear at 75 dB nHL
(one-way ANOVA, p < 0.001) (Figure 21B, first row).

Shorter latencies were observed in the tinnitus+hyperacusis group at 65 dB nHL for wave
IIT in both ears (one-way ANOVA, for the right ear p = 0.039, for the left ear p =0.012)
and wave VI for the left ear (one-way ANOVA, p = 0.04). For wave V latencies, shorter
response was observed in the tinnitus+hyperacusis group at 45 and 25 dB nHL for the
right ear (one-way ANOVA, p = 0.038 and p = 0.018 respectively) and at 35 dB nHL for
the left ear (p = 0.024) (Figure 21B, third row).

In the tinnitus+hyperacusis group compared to the tinnitus group, we observed for 75 dB
nHL significant larger amplitudes in the tinnitus+hyperacusis group for wave III, V, and
VI for both ears (one-way ANOVA, wave III for the right ear p = 0.006 and for the left
ear p = 0.008, wave V for the right ear p = 0.002 and left ear p = 0.001, and wave VI for
the right ear p = 0.036 and for the left ear p = 0.04) (Figure 21C, first row).

At 65 dB nHL, the tinnitus+hyperacusis group showed generally larger amplitudes. For
wave III and V in the left ear (one-way ANOVA, p = 0.045, p = 0.03 respectively)
significantly larger amplitudes were observed (Figure 21C, second row).

For wave I shorter latency in the tinnitus+hyperacusis group was found at 65 dB nHL for
both ears (one-way ANOVA, for the right ear p = 0.019 and for the left ear p = 0.05), for
wave III at 75 and 65 dB nHL (one-way ANOVA, 75 dB nHL for the right ear p = 0.013
and for the left ear p = 0.018, 65 dB nHL for the right ear p = 0.008 and for the left ear p
= (.004) and for wave VI at 65 dB nHL for the left ear (one-way ANOVA, p = 0.013).
In wave V we observed for all stimulus intensities significant shorter latencies in the
tinnitus+hyperacusis group (one-way ANOVA, 75 dB nHL for the right ear p = 0.05 and
for the left ear p = 0.001, 65 dB nHL for the right ear p = 0.017 and for the left ear p =
0.002, 55 dB nHL for the right ear p = 0.007 and for the left ear p = 0.006, 45 dB nHL
for the right ear p < 0.001 and for the left ear p = 0.011, 35 dB nHL for the right ear p <
0.001 and for the left ear p = 0.011, 25 dB nHL for the right ear p < 0.001 and for the left
ear p = 0.02) (Figure 21C, third row).
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Smaller IPL between wave I-V was found for the left ear at 75 and 65 dB nHL in the
tinnitus+hyperacusis group, compared to the group of tinnitus (one-way ANOVA, 75 dB
nHL p = 0.039, 65 dB nHL p = 0.023) (Figure 21C, first row).

Summarized, we observed in the tinnitus group, compared to the control group
significant reduced und prolonged late (central) brainstem regions (ABR wave V). In the
group of tinnitus+hyperacusis, compared to the control group, we did not see prolonged
ABR response, instead the ABR response is larger in early (wave I1I) and late (ABR wave
V) brainstem regions. In the tinnitus+hyperacusis group compared to the tinnitus group
significantly larger early (wave III) and late (ABR wave V) amplitudes with shorter

latencies were observed.
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Figure 21 Supra-threshold auditory brainstem response analysis for the control, tinnitus and tinnitus+hyperacusis group

Averaged ABR wave I, 111, V, and VI as amplitude-latency plot at 75 dB nHL (first row of A, B, and C) and 65 dB nHL (second row
of A, B, and C) and averaged ABR wave I, III, V, and VI as intensity-latency plot at 75 and 65 dB nHL and Wave V also at 55, 45,
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35 and 25 dB nHL (third row of A, B, and C). A Control (black, n = 43) and tinnitus group (red, n = 30). B Control (black, n = 43)

and tinnitusthyperacusis group (blue, n = 20). C Tinnitust+hyperacusis (blue, n = 20) and tinnitus group (red, n = 30).

3.8 Analysis of task-evoked BOLD response in the control, tinnitus and
tinnitus+hyperacusis group

3.8.1 Identification of differences in sound induced BOLD response between the
tinnitus+hyperacusis and control group for different auditory stimuli

Task-evoked fMRI measurements were used to proof, if the ABR measurement results
were reflected in sound induced BOLD response in the tinnitus and tinnitus+hyperacusis

group, in predefined ROIs (Table 2).

In the tinnitus group (compared to the control group), we observed for the music piece
significant lower BOLD response in primary and secondary auditory cortex regions
(BA41A-R, BA41P-R, BA42A-R, BA42-R and BA41-L), in regions responsible for
sound detection (BA13P-R, BA22A-L, and BA13P-L), in subcortical auditory regions
(SOC-R), and in somatosensory cortex regions (BA1-R, BA2-R, BA2-L, and BA1-L)
(Figure 22A). Regions associated with pain (Job, Paucod et al. 2011) as the postcentral
gyrus (PCG2-L, PCGI1-L) and for sound caused pain (Segerdahl, Mezue et al. 2015) as
the dorsal posterior insula (Dplns-R, Dplns-L) were also lower in the tinnitus group.
Significant higher BOLD response for the music piece was observed in the hippocampus
(Hipp-L) (Figure 22A).

For the LF-chirp stimuli we observed similar to the music piece stimuli a reduction in the
subcortical auditory region (SOC-R) (Figure 22B).

We found in the subcortical auditory regions a single significantly higher activity (CN-
L) for the LF-chirp, with, in general higher but not statistically significant activity in most
analyzed regions compared to the control group (Figure 22B).

For the HF-chirp as stimuli, we observe significant lower BOLD response in regions for
sound detection (BA22A-R, BA21A-L, and BA22A-L) and in the subcortical auditory
region (MGB-R) (Figure 22C). While in general, in primary auditory cortex regions, the
BOLD response was lower in the tinnitus group, but not significant. No significant higher
BOLD response to the HF-chirp was observed in the tinnitus group compared to the

control group in primary auditory regions.
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For the BB-chirp, we found in regions for sound detection (BA21P-L, and BA22P-L) and
somatosensory regions (BA2-L, BA1-L, and Mam.-Body-L) significant lower activity in
the tinnitus group, compared to the control group (Figure 22D). While also here the
pattern for primary auditory cortex regions seems similar to the HF-chirp, with
insignificant but generally lower BOLD response in the tinnitus group.

As similar to the results for the HF-chirp, no significant enhanced BOLD response to the
BB-chirp was observed in the tinnitus group (Figure 22D).
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Figure 22 Task-evoked fMRI response differences for group comparison between tinnitus and the control group

Group comparison for task-evoked BOLD response in the tinnitus group (n = 30) compared to the control group (n = 43). The bars

showed lower or higher BOLD response in the tinnitus group compared to the control group for different stimuli in predefined ROIs
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(Table 2). Significant differences (p < 0.05, FDR corrected) are highlighted in the full color for every panel, shaded colors did not
reach the significant level. (A) music piece stimuli (B) LF-chirp stimuli (C) HF-chirp stimuli (D) BB-chirp stimuli.

In the tinnitus+hyperacusis group (compared to the control group), we observed for the
music piece significant lower BOLD response in subcortical auditory regions (CN-R,
SOC-R, and MGB-L) (Figure 23A).

Significant higher BOLD response to the music piece was not observed in the group
comparison, but in general for primary auditory regions, regions responsible for sound
detection and in somatosensory regions, values were larger than in the controls (Figure
23A).

For the LF-chirp we observed significant lower BOLD response in subcortical auditory
regions (CN-R, SOC-L, and CN-L) and in the hippocampus (Hipp-R) (Figure 23B).

We found for the LF-chirp in primary auditory cortex regions (BA41P-L, BA42-R, and
BA42P-L) significantly higher activity in the group of tinnitust+hyperacusis, with a
general pattern of higher but not significantly higher activity in the primary auditory
cortex, sound detection and somatosensory regions (Figure 23B).

For the HF-chirp we observed significant lower BOLD response in regions for sound
detection (BA22A-R, BA21A-R, BA22P-R, BA21A-L, and BA22A-L), in the subcortical
auditory region (SOC-R, MGB-R, and SOC-L), in the primary auditory cortex region
(BA41A-L), and the somatosensory regions (Mam.-Body-R, and Mam.-Body-L) (Figure
23C). Significant higher BOLD response to the HF-chirp was observed in regions for
sound detection (Hipp-R).

For the BB-chirp, we found in regions for sound detection (Hipp-R) and somatosensory
regions (Mam.-Body-R) significant lower BOLD response in the tinnitus+hyperacusis
group, compared to the control group (Figure 23D).

While we did not observe significant higher BOLD response to the BB-chirp in the
tinnitus+hyperacusis group compared to the control group, but the group of
tinnitus+hyperacusis generally showed higher BOLD response in primary auditory cortex

regions, similar to the LF-chirp and music piece stimuli (Figure 23D).

60



music piece

<

T190d C B T190d
12004 |  —) 12004
T-supdg — ] T-surdg
\—.sﬂﬁom..:‘_mz ow,. ow,. H )—l\A@OMKENE
T1ve 5 5 ) TIve
Tevd | 52 52 | ) TTve
¥z ve g = g & ¥-Tve
q1vd g g L q-1ve
J-Apog-wey 2 2 ) J-Apog-"we\
J-surdg ) ( J-surda
¥-TD0d ] ) T HOd
M-190d { -1 00d
T-ddiyg L - { T-ddipg
T-d€1 Ve ) [ T-d€1 Ve
TV ve ) T-vee v
TVIZVe g k 0 TVIT Ve
T-dzeve 3 5 ﬁﬂ T-dz v
TdiTve g g T-dIzve
W-dIT Ve _ 2 o = ) W-dIT Ve
y-deeve (o E — E { A-dTeve
¥ViTve ) 2 o= | 2 | —) ¥Vieve
¥vZTve _.nnw () ¥V ve
W-dET Ve : | W-dE1 Ve
,_A.M_M_Mm w { W_MM_M_m
T1bve —  m— T1pve
TdIv ve - T-dIv v
TVerve z z { TVTr ve
Twvd um um ( ] 1Tk v
T-dey v E 2 ) T-dey v
- T -
e | —
WVTr ve m & & ) Ay Ve
Wiy ve = ] W-d1y v
-1t v O O -1 v
M-VIP Ve ﬂ M-V Ve
TND TND
1008 I 1008
101 3 3  m—) 101
T-AOW = e e  m— T-9ON
M-EON { 3 3  — A-EON
01 2 ES | ) 01
¥-00S 0 A-00S
A-ND | A-ND
f=J f=J f=3 f=J
2 2 2 o2 & 7 37 2 8 % B2 & % 37
) o~ — S < \n q o« 3] ol — S < - (] o«
(2100s-)y) (2100s-)Yy)

HF-chirp

T190d m 11 D0d %
T-290d T2 00d
T-supdq T-surdq
T-Apog-wey ] ow T-Apog-"we ) ow
Tive -m g Tive DD g
TTve £ TTve £
TV Ln] gs v D. ER
q-1ve g q-1 vl g
A-Apog-we F 3 Y-Apog-we ] 3
¥-supda DD y-surdq m
¥-T DOd T OOd
M-100d | —] A-100d ]
T-ddig T-ddrg
T-dE1ve T-dgl ve
T-vezve Tveeve
T-vizve g TVITve £
T-dez v % 3 T-dzeve DD 5
T-dizve 3 Tdizve 3
-1z ve 3 o | wacve 0 2
A7z Ve " 5 | wdeeve DD 5
¥Vizve E o= | wvizva 2
¥V ve [ ] m AT ve { ]
W-dEl Ve | ] ; €1 Ve 0
m.an_:._ ) .M.&f q
T-VIvve Sr @ [ Tvirve
T1vve T1pve [
T-divve Td1y ve ﬂ
T-vey v ﬂ.ﬂ z TVTr ve z
T ve = T ve % =
T-dzb ve ﬂ 3 Ty ve g
¥-dey ve g wacrva T z
¥-Th Ve 0 £ -t ve [} £
AVTr Ve D = q-verve [n] =
W-diy ve D_u W-dIy Ve |
¥ 1p Ve 15 Ve {
AVIPVeE | M-VIp Ve 1]
TND .H[ TND | ]
T-008 T-008 ]

TOI Da g 101 _U_H E
T-EON £ T-9ON £
IO | 2 A-AOW 2

W01 f El A-OI E
¥-D0S A0S

AND \ AND

f=J
S e A
I00S-) QI00S-)
v v

=

Figure 23 Task-evoked fMRI response differences for group comparison between tinnitus+hyperacusis and the control group

Group comparison for task-evoked BOLD response in the tinnitus+hyperacusis group (n = 20) compared to the control group (n

43). The bars showed lower or higher BOLD response in the tinnitus+hyperacusis group compared to the control group for different

stimuli in predefined ROIs (Table 2). Significant differences (p < 0.05, FDR corrected) are highlighted in the full color for every
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panel, shaded colors did not reach the significant level. (A) music piece stimuli (B) LF-chirp stimuli (C) HF-chirp stimuli (D) BB-

chirp stimuli.

In the tinnitusthyperacusis group (compared to the tinnitus group), we observed for the
music piece significant higher BOLD response in primary auditory cortex regions (BA42-
L, BA42A-L, BA41P-L, and BA41-L) and in regions responsible for sound detection
(BA13P-R, and BA13P-L) (Figure 24A). In regions associated with pain (Job, Paucod et
al. 2011) as the postcentral gyrus (PCG2-L, PCG1-L) we also observed significant higher
BOLD response in the tinnitus+hyperacusis group compared to the tinnitus group.
Significant lower BOLD response to the music piece was observed in subcortical regions
(CN-R, and SOC-L) (Figure 24A).

For the LF-chirp, we did not observe significant differences between the
tinnitus+hyperacusis group and the tinnitus group for BOLD response (Figure 24B). But
the tinnitust+hyperacusis group showed higher (not significant) activity in all primary
auditory cortex regions and in most regions for sound detection and subcortical auditory
regions.

For the HF-chirp, we did not find significant higher BOLD response in all inspected
regions (Figure 24C). Significant lower BOLD response in subcortical regions (SOC-R,
and SOC-L) and also in somatosensory regions (Mam.-Body-R, BA1-L, and Mam.-
Body-L) was observed (Figure 24C).

For the BB-chirp we observed no significant difference (Figure 24D), as we observed it
for the LF-chirp. The tinnitus+hyperacusis group showed higher (not significant) BOLD
response in most primary auditory cortex regions, compared to the tinnitus group (Figure
24D).

Summarized, the tinnitus group showed generally lower BOLD response in regions of
the primary and secondary auditory cortex in response to acoustic stimuli in comparison
to the control group, while the tinnitus+hyperacusis group responded to sound with higher

BOLD activity in the primary and secondary auditory cortex compared to the control

group.
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Figure 24 Task-evoked fMRI response differences for group comparison between tinnitus+hyperacusis and the tinnitus group

Group comparison for task-evoked BOLD response in the tinnitusthyperacusis group (n = 20) compared to the tinnitus group (n

30). The bars showed lower or higher BOLD response in the tinnitus+hyperacusis group compared to the tinnitus group for different

stimuli in predefined ROIs (Table 2). Significant differences (p < 0.05, FDR corrected) are highlighted in the full color for every
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panel, shaded colors did not reach the significant level. (A) music piece stimuli (B) LF-chirp stimuli (C) HF-chirp stimuli (D) BB-

chirp stimuli.

3.9 Analysis of cortisol in saliva between the control, tinnitus and
tinnitus+hyperacusis group

Since tinnitus is associated with stress (Hébert, Canlon et al. 2012), we analyzed cortisol
in saliva to detect possible differences between both groups.

We took three samples of saliva for defined time points (8:00 am, 4:00 pm, and 11:00
pm) and analyzed the time points between the groups and also within the group over the
time points.

We observed generally an extreme large distribution of single values within the groups,
additionally there is often a measurement limitation for values smaller than 1.1 pg/l
especially for time-points at 4:00 and 11:00 pm. These sample values, which could not
be determined by the laboratory, were plotted below the groupwise bar and were not
contributing to the group mean (Figure 25).

The tinnitus+hyperacusis group showed over all time points a slightly higher cortisol
level, compared to the tinnitus group, but through the large distribution and the limited
sample size no significant difference was found (two-way ANOVA with repeated
measurement, for the group comparison p > (.05). For the measured time points at 11:00

pm, only one sample for the tinnitus and tinnitus+hyperacusis group was determined.
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Figure 25 Cortisol in saliva for the control, tinnitus and tinnitus+hyperacusis group

Cortisol level in saliva as mean for the control group (black, n = 43), the tinnitus group (red, » = 30) and the tinnitus+hyperacusis
group (blue, n = 20). Single cortisol values for each participant were plotted as grey dots. Lowered grey dots (below the zero-line)
are values smaller 1.1 pg/l, which could not be quantified due to technical limitations and were not included in the mean bar chart

value.

3.10 Presentation of identified tinnitus+hyperacusis-specific biomarkers

We identified in normal hearing matched participant with tinnitus+hyperacusis, increased
early and late brainstem responses together with higher task-evoked BOLD response
compared to the control and tinnitus group. The tinnitus group showed instead reduced
and prolonged late brainstem responses, with reduced task-evoked BOLD response.

The group of tinnitus+hyperacusis showed significant higher tinnitus burden, compared
to the tinnitus group, which was also reflected in slightly higher cortisol level compared

to the tinnitus group.
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Figure 26 Summarized biomarker for tinnitus and tinnitus+hyperacusis
Identified biomarkers in tinnitus participants for supra-threshold sound induced ABR, task-evoked BOLD fMRI and cortisol
analysis. A Example of an auditory signal in the brainstem and a schematic drawing of the human ascending auditory pathway. B
Alterations in the tinnitus and tinnitus+hyperacusis group, compared to the control group for different level of analysis. Modified

according to (Mohrle, Hofmeier et al. 2019)
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4. Discussion

In the present study functional biomarkers are described that distinguish tinnitus without
hyperacusis from tinnitus with hyperacusis in patients. Using audiometry, functional
BOLD fMRI and resting state r-fcMRI overall signs of reduced auditory-specific
responsiveness was observed as a characteristic feature of tinnitus but not
tinnitus+hyperacusis. The details of the finding are discussed in the following for the

individual sub-categories identified.

4.1 Tinnitus participants without hyperacusis exhibit reduced and prolonged
supra-threshold sound response

In the first part of the study, we excluded patients with the co-occurrence of hyperacusis,
to avoid effects from this symptom and included only participants with a tinnitus percept
and controls with a normal hearing or a mild hearing loss (<40 dB). We could not identify
any difference in hearing loss between controls and the tinnitus group (Figure 9). This
confirms previous hypotheses that postulate that hearing loss per se does not lead to
tinnitus. This hypothesis was based on observations in animal and humans that
demonstrated that tinnitus can occur without a shift in the hearing threshold (Geven, de
Kleine et al. 2011, Knipper, Van Dijk et al. 2013, Boyen, de Kleine et al. 2014, Gilles,
Schlee et al. 2016, Guest, Munro et al. 2017). Interestingly, our tinnitus participants show
a significantly reduced amplitude and prolonged latency for the late auditory brainstem
response in the midbrain (wave V — inferior colliculus/lemniscus lateralis) derived from
supra-threshold fine structure (Figure 10). Reduced and delayed auditory brainstem
responses in the tinnitus group were moreover not related to differences in age, which has
a similar mean between both groups, nor with the sex, which is also equal distributed in
both groups (Table 8).

While it is generally accepted, that tinnitus is associated to increased spontaneous firing
rates (Jastreboff 1995, Brozoski, Bauer et al. 2002, Bauer, Brozoski et al. 2007, Roberts,
Eggermont et al. 2010), the maladaptive mechanism that finally lead to the tinnitus
percept is still controversially discussed. In the majority of literature the tinnitus percept
is suggested to be the result of increased spontaneous firing rates that are translated to
tinnitus through central auditory gain (Roberts, Eggermont et al. 2010, Norefia and Farley
2013, Shore, Roberts et al. 2016). Other studies link tinnitus percept to increased cortical
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neural synchrony, cortical tonotopic reorganization or predictive coding errors (Roberts,
Eggermont et al. 2010, Schaette and Kempter 2012, Norefia and Farley 2013, Sedley,
Friston et al. 2016, Wu, Stefanescu et al. 2016, Gentil, Deverdun et al. 2019, Hullfish,
Sedley et al. 2019, Sedley 2019).

In contrast the present study found reduced and delayed sound responsiveness (Figure
11, (Hofmeier, Wolpert et al. 2018) in tinnitus patients negative tested for co-occurrence
of hyperacusis. Central neural gain would expectedly be correlated with an
disproportionally enhanced or recovered late ABR wave as previously described
(Schaette and Kempter 2009, Schaette and Kempter 2012). Our results (Hofmeier,
Wolpert et al. 2018) thus, cannot confirm the central auditory gain theory. The findings
in the present study rather suggest that tinnitus is associated with a loss of central auditory
gain. This confirmed previous findings in equally exposed animals with and without
tinnitus (Riittiger, Singer et al. 2013). Strikingly in animals (Mohrle, Hofmeier et al.
2019) and humans (Hofmeier, Wolpert et al. 2018, Hofmeier, Wolpert et al. 2020, in
preparation) tinnitus was linked with reduced and delayed late ABR wave responses.
This indicates a contribution of a distinct auditory fiber type that with high-spontaneous
firing rates and low activation thresholds (high-SR auditory fibers) (Liberman and Kiang
1978) is suggested to define the shortest sound responses along the ascending auditory
path as well as the perceptional hearing threshold (Meddis 2006, Heil, Neubauer et al.
2008). Thereby a loss of high-SR auditory fibers, which may contribute to improved
signal-to-noise ratio (Knipper, Van Dijk et al. 2013), could explain reduced and delayed
late ABR wave amplitudes observed in the present study (Hofmeier, Wolpert et al. 2018,
Mohrle, Hofmeier et al. 2019). Also, latest multi-center clinical trials of tinnitus patients
distinguished reduced and delayed ABR wave I amplitudes (Milloy, Fournier et al. 2017,
Brambhall, Beach et al. 2019) or unchanged ABR wave I amplitudes (Paul, Bruce et al.
2017, Hofmeier, Wolpert et al. 2018) that also could be explained by loss of high-SR
auditory fiber responses.

In conclusion, in contrast to the majority of literature that predict central neural gain as a
neural substrate of tinnitus, the present study rather found evidence of reduced central
neural gain through reduced and delayed sound induced brainstem responses, as a

characteristic feature of tinnitus.
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4.2 Tinnitus participants without hyperacusis exhibit lower stimuli-induced
BOLD response compared to control participants

The fMRI signal reflects the change in hemodynamics within a macro-scale (1~27 mm?)
brain region, which is related to that region’s neural activity through a cascade of events
referred to as neurovascular coupling (Raichle and Mintun 2006). Henceforth, a e.g.
activation in response to external stimuli as an acoustic sound signal of a population of
neurons in a brain region might give rise to a change in the fMRI signal that may represent
a neurophysiological process (Parker and Razlighi 2019).

When the control and tinnitus group were exposed to different low, high, broadband or
music stimuli, a differential task-evoked response in ROIs in auditory, attentional,
emotional networks became visible.

Focusing first on the auditory network, we observed reduced response to sound stimuli
for the tinnitus participants compared to the controls in primary and secondary auditory
cortex regions to almost all stimuli, but also in the MGB (Table 10). Reduced
thalamocortical responsiveness between the MGB and auditory cortex was suggested
from other imaging studies, in tinnitus (Smith, Mennemeier et al. 2007, Landgrebe,
Langguth et al. 2009). Other groups showed reduced GM volume in auditory cortex for
tinnitus (Schneider, Andermann et al. 2009, Schecklmann, Lehner et al. 2013) or in the
inferior colliculus (Landgrebe, Langguth et al. 2009), which may point to reduced
dendritic connections (Teipel, Stahl et al. 2007, Broad, Gabel et al. 2019). While thereby
our results and these mentioned previous studies point to lower evoked BOLD responses
in the auditory cortex of tinnitus patients, few previous studies also found higher BOLD
response to stimuli in tinnitus participants (Lanting, de Kleine et al. 2014), a contrasting
finding that may be due to a co-occurrence of hyperacusis with tinnitus (discussed in the
next chapters).

Beside the lower BOLD response in the primary and secondary auditory cortex of the
tinnitus group, we also observed lower BOLD response in the posterior insula (BA13P)
and the hippocampus. The posterior insula, is among others, responsible for sound
detection (Sadaghiani, Hesselmann et al. 2009), while the hippocampus contributes to
hearing through learning dependent shaping and improving of auditory skills through
attention (Kilgard and Merzenich 1998, Kraus and White-Schwoch 2015, Weinberger
2015). Lower BOLD responses in the posterior insula (BA13P), hippocampus and
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secondary auditory cortices in response to auditory stimuli (Table 10), would thereby
point to reduced connectivity of auditory-specific regions to fronto-striatal networks that
control memory-linked attentional cues.

In the tinnitus group we observed higher BOLD response to sound in regions which are
not associated to sound processing. The anterior insula (BA13A), a part of the limbic
system, is known to be involved for distress (Wang, Rao et al. 2005) and also the
mammillary body is involved in distress as another study showed (Bubb, Kinnavane et
al. 2017). We here demonstrated that both, the anterior insula (BA13A) and mammillary
body (Table 10) appeared to respond to sound with higher BOLD response. This was
also shown in other tinnitus studies (Vanneste, Plazier et al. 2010, Carpenter-Thompson,
Akrofi et al. 2014), and supports our findings.

Beside the higher BOLD response for these limbic regions in the tinnitus group, we also
observed higher BOLD response in regions of the somatosensory cortex the BA1 and
BA2 to sound. This BOLD response could be explained by a loss of specificity for
auditory information processing, due to the fact that both regions are anatomically
situated near the auditory cortex. The loss of auditory responsiveness in the ascending
auditory path may point to less auditory-specific clustering of auditory information.
Overall the lower BOLD responses to auditory stimuli in regions responsible for accurate
sound perception in tinnitus patients suggest a causal relationship to the observed reduced
and delayed late ABR wave amplitudes in these patients.

This challenges to consider the value of previously suggested therapeutic intervention
strategies for tinnitus — as e.g. transcutaneous vagus nerve stimulation (tVNS), in the
context of these findings (Meyers, Kasliwal et al. 2019). Yakunina and colleagues
(Yakunina, Kim et al. 2018) observed in tinnitus patients higher BOLD response in the
CN while stimulating with tVNS, together with decreased BOLD response in limbic brain
regions associated for distress, and discussed this method in the context of the common
theory of deafferentation in tinnitus on the CN-level (Jastreboff 1995, Norena and
Eggermont 2003, Weisz, Moratti et al. 2005, Weisz, Hartmann et al. 2006, Eggermont
and Roberts 2012, Eggermont 2015, Shore, Roberts et al. 2016) and the role of the limbic
system in the neurophysiological tinnitus model by Jastreboff (Jastreboff 1990). On the
basis of our present findings we suggest that is might be challenging to consider for future

studies variants of cochlear or brain stimulation devices to cure tinnitus.
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4.3 Tinnitus participants without hyperacusis show less functional connectivity in
auditory specific regions for resting state fMRI compared to control participants
Beside task-evoked fMRI measurements, where BOLD response after stimulation shows
a robustly correlation to neural activity (Logothetis and Pfeuffer 2004, Drew 2019),
resting state functional connectivity measurements by fMRI (r-fcMRI) is used to analyze
spontaneous activity in anatomically separated brain areas, which have a dependency in
temporal neural activity (Van Den Heuvel and Pol 2010, Shen 2015, Lv, Wang et al.
2018). A strongly positive correlated functional connectivity between spatially separated
anatomically regions are discussed in the context of short time-lagged neuronal
synchronicity. In contrast negative correlated functional connectivity is associated with a
larger time-lag and a loss of neuronal synchrony (Goelman, Gordon et al. 2014). There is
first evidence that a relation exist between more synchronic correlation in resting state
measurements and higher synchronization in task-evoked fMRI, leading to a better
sensory performance (Haag, Heba et al. 2015, Parker and Razlighi 2019).

We here observed reduced positive functional connectivity in the tinnitus group,
especially for interhemispheric connectivities in auditory-specific regions as the auditory
cortex, the MGB (Figure 12). Up to now interhemispheric connectivity changes in
tinnitus patients were observed only in cortical regions (Kim, Kim et al. 2012, Lanting,
de Kleine et al. 2014). Reduced interhemispheric connectivities in the sensory system are
discussed in an animal model, to be an indicator for a pre-state of depression (Ben-
Shimol, Gass et al. 2015).

We observed in the tinnitus group less positive functional connectivity between auditory
cortex regions and regions associated for distress as the anterior insula (BA13A), but also
in auditory cortex regions responsible for emotional distress in the temporofrontal cortex,
which was as well described in the literature for attentional regions (BA45, BA46, BA47)
(Vanneste and De Ridder 2012, Rauschecker, May et al. 2015, Husain 2016, Schmidt,
Carpenter-Thompson et al. 2017) and distress regions (Leaver, Turesky et al. 2016, Chen,
Xia et al. 2017) (Figure 13, Figure 14). Our participants with tinnitus did exhibit a low-
grade form of tinnitus (Goebel and Hiller 1994), that is currently assumed not to be
associated to psychiatric comorbidities (Langguth, Landgrebe et al. 2010). It thus may be

interesting in future studies to test if the here observed reduced interhemispheric
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connectivity in tinnitus patients with low-grade tinnitus scales, are characteristics of a
pre-state of depression in the tinnitus patient group.

Particularly interesting is the differential connectivity of auditory cortex regions to
regions in the prefrontal cortex (BA9) in tinnitus patients (Figure 14). The prefrontal
cortex is suggested to be involved in the regulation of the HPA axis that controls stress
responses (Sullivan and Gratton 2002). The observed enhanced positive connectivities
between the auditory cortex and the medial part of the prefrontal cortex (BA9M) in
tinnitus patients (Figure 14) points to the involvement of stress excitation (McKlveen,
Myers et al. 2013, Utevsky, Smith et al. 2014, McKlveen, Morano et al. 2016). On the
other side our findings demonstrate more negative functional connectivities in the tinnitus
group to the dorsolateral part of the prefrontal cortex (BA9DL), that is suggested to
reduce stress responses (Shallice, Stuss et al. 2008). Thus, the finding in the present study
suggest an imbalance of the HPA-axis.

This finding may be linked to the tendency of higher cortisol levels found in the saliva of
the tinnitus group over the day, which may point to a hint for blunted or modified stress
controlling mechanism (Figure 15).

Numerous previous findings suggested a correlation of tinnitus and stress (Wang, Rao et
al. 2005, Vanneste, Plazier et al. 2010, Hébert, Canlon et al. 2012, Mazurek, Haupt et al.
2012, Carpenter-Thompson, Akrofi et al. 2014). These higher stress related correlations,
here observed in the tinnitus group, could be linked to the previously described
neurophysiological model (Jastreboff 1990), where a negative emotional influence in the
limbic system is described, to be essential for the tinnitus on-set.

Functional connectivity analysis for higher auditory cortex regions and regions in limbic
and attentional areas are well described in the literature, but lower auditory brainstem
regions were not. This could be due to a commonly used parameter for whole brain resting
state measurements, where the FOV is aligned to the AC-PC line and often not covering

lower auditory brainstem regions as the CN and SOC.

4.4 Tinnitus participants with and without hyperacusis do not differ in middle ear
function and hearing threshold
Having now identified reduced auditory-specific functional responsiveness as a

characteristic feature of tinnitus patients without co-occurrence of hyperacusis, we next
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were curious if patients that exhibit tinnitus with co-occurrence of hyperacusis display
similar or different functional characteristics.

Hyperacusis, as idiopathic symptom, can be caused by noise-induced hearing loss and is
often associated with headache or forms depression, hormonal/infectious diseases or
other factors (Lockwood, Salvi et al. 2002, Goebel and Biittner 2004). While noise-
induced hearing loss seems to be one of the biggest risk factors for hyperacusis, it is still
not clear how the pathophysiology mechanisms fully work and why hyperacusis is often
related to painful experience of mild or moderate sounds. A wide range of the literature
assumes similar maladaptive functions like for tinnitus by a central neural hyperactivity
(Schaette and Kempter 2006, Gu, Halpin et al. 2010, Auerbach, Rodrigues et al. 2014).
Other studies suggest hyperacusis to be linked to a disbalance in the serotonin metabolism
(Marriage and Barnes 1995, Gopal, Daly et al. 2000, Pfadenhauer, Weber et al. 2001).
In up to 50 % of the people with tinnitus, hyperacusis occur as comorbidity (Hesse,
Rienhoff et al. 1999, Pilgramm, Rychlik et al. 1999). In other cases is occurs as single
symptom with prevalence ranging between 2 - 15 % according to different populations
(Fabijanska, Rogowski et al. 1999, Pilgramm, Rychlik et al. 1999, Sammeth, Preves et
al. 2000, Sheldrake, Diehl et al. 2015).

Important in the context of the present study, no study exists that distinguishes in tinnitus
groups, those individual patients with and without a co-occurrence of hyperacusis.
Hypothesizing that various contrasting views about tinnitus may be linked to different
sub-entities, we analyzed idiopathic tinnitus symptoms by splitting them into two
different groups, using a tinnitus questionnaire (G-H-S) and a hyperacusis questionnaire
(HKI) (Figure 17). In a first trial, as described previously, we recruited only participants
with normal hearing or mild hearing loss, mainly through flyers in the clinic, while
participants with a comorbidity of hyperacusis were excluded. For a second trial, we were
able to address a larger and younger group of participants, who had to generally better
hearing in higher frequencies. Here, the group with hyperacusis as comorbidity beside
tinnitus is the third group, alongside the group of tinnitus and control (Table 11). We
demonstrated that controls and tinnitus with and without the comorbidity of hyperacusis
are not distinguishable from hearing thresholds. In all three groups, even up to 10 kHz,
there is no hearing loss observed (Figure 20). Also, the middle ear function and stapedius

reflex measurement is for all participants inconspicuous and seems not to affect the
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tinnitus or hyperacusis symptom (Figure 18). This supports previous suggestions that
tinnitus but also hyperacusis can occur without a shift in the hearing threshold (Geven,
de Kleine et al. 2011, Knipper, Van Dijk et al. 2013, Boyen, de Kleine et al. 2014, Gilles,
Schlee et al. 2016, Guest, Munro et al. 2017).

For non-audiological characteristics, we found differences for the sex distribution in our
groups. We did not recruit participants according to their gender to fill the groups equally.
So, it is interesting that we finally got different incidences of sex according to the
symptoms of hyperacusis and tinnitus (Table 11), while we recruit a control group with
nearly the same number of women and men. The tinnitus group contained significantly
more men than women, compared to the control group. While vice versa, the group with
tinnitus and co-occurrence of hyperacusis contained significantly more women, than the
tinnitus group. This may point to a population characteristic for women being affected
more by sound over-sensitivity as observed in different studies (Fabijanska, Rogowski et
al. 1999, Khalfa, Dubal et al. 2002, de Magalhaes, Fukuda et al. 2003). Previous studies
explained this phenomenon with anatomical circumstances, that the ear canal in women
is smaller, leading to higher sound condensation for the same applied sound intensity,
compared to men (Hellbriick 1983). In this context it is interesting to note that all 7
patients recruited for a study on hyperacusis without co-occurrence of tinnitus (a study
not part of this thesis) are women. Even the group of 7 participants is very small, this
gives a first hint, according to the literature (Hellbriick 1983, Fabijanska, Rogowski et al.
1999, Khalfa, Dubal et al. 2002, de Magalhaes, Fukuda et al. 2003), that hyperacusis
could be gender biased. Conclusively, we currently cannot exclude that unbiased gender
differences between groups may limit interpretation of possibly identified differences
between groups. However, the previous findings (Hofmeier, Wolpert et al. 2018) with
gender matched groups showed similar results to the latest ones with larger groups,
leading to the assumption that sex would not affect the results per se.

Using the hyperacusis questionnaire (HKI) (Fischer 2013) the tinnitus and
tinnitus+hyperacusis group could be clearly distinguished. We moreover surprisingly
observed that the overall tinnitus score as well as the sub scores of the tinnitus
questionnaire (G-H-S), giving information about the emotional and cognitive distress,
annoyance, penetrants, sleeping disturbance and somatic complaints were significantly

higher in the tinnitus+hyperacusis group (Figure 17). This finding appeared to be related
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to differences in the tinnitus ratings between groups that evidenced in > 90 % of the
Tinnitus group (29 of 30) a mild low-grade (I-II) tinnitus grade (Goebel and Hiller 1994,
Goebel and Floezinger 2008), while — in contrast — in only 60 % of the
tinnitus+hyperacusis group mild tinnitus grade I-II was identified (12 of 20) (Figure 17,
Table 12, Table 13). Also, in the tinnitus group the tinnitus percept occurred with a
prevalence of 60 % bilateral, 20 % right-side and 20 % left-side, while in the
tinnitus+hyperacusis group, the tinnitus percept occurred with a prevalence 80 % bilateral
and only 5 % on right, 15 % on left-side (Tablel2, Table 13). The tinnitus group
perceived tinnitus generally bilateral, with nearly the same high frequency (mean around
6 kHz) and intensity as a sine-tone-like percept, on both sides (Table 12). This frequency
range is also seen in the literature (Meikle and Griest 1992), where more than 50 % of
tinnitus participants perceived their tinnitus at frequencies from 3.5 - 8.5 kHz. The group
with tinnitus and hyperacusis as comorbidity had nearly the same frequency and intensity
for the tinnitus localization as the tinnitus group.

An elevated tinnitus questionnaire score through co-occurrence of hyperacusis was
observed in previous studies (Gabriels 1995, Jastreboff and Jastreboff 2000). Tinnitus
patients with the comorbidity of hyperacusis are also affected more by clinical indicated
forms of depression and anxiety, compared to patients with tinnitus (Goebel and
Floezinger 2008), providing a possible rational for the elevated prevalence of lower
tinnitus grades in the tinnitus+hyperacusis group. While the penetrance and influence of
tinnitus on the patient’s life is correlated to the tinnitus intensity (Aazh and Salvi 2019),
the difference we saw in the tinnitus questionnaire is due to the impact of hyperacusis,
according to the fact that we saw no difference for the measured tinnitus intensity in the
tinnitus localization measurement. Conclusively, The co-occurence of hyperacusis to
tinnitus appears to worsen signficantly the tinnitus score for emotional and cognitive
distress, annoyance, penetrance, sleep disturbance and somatic complaints, linked to a
lower prevalence of low-grade mild tinnitus score and higher prevalence of bilateral

tinnitus percept.
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4.5 Tinnitus participants with hyperacusis show enhanced early and late supra-
threshold ABR compared to the control group and tinnitus group

Although no difference in hearing thresholds was observed between the tinnitus group
and tinnitus+ hyperacusis groups, a significant reduced amplitude and prolonged latency
for the late auditory brainstem response in the midbrain (wave V — inferior
colliculus/lemniscus lateralis) was observed in the tinnitus groups upon supra-threshold
fine structure analysis (Figure 21). The tinnitus+hyperacusis group exhibited reduced
latencies in comparison to tinnitus and rather enhanced amplitudes for the late auditory
brainstem response in the midbrain (wave V — inferior colliculus/lemniscus lateralis) and
the early ABR wave III (superior olivary complex) compared to the control group. As the
participants of all groups have no differences in hearing thresholds, even in the highest
measured frequencies, a link to differences in late supra-threshold ABR waves between
groups cannot be associated with differences in basic hearing function.

We here suggest that these identified differences in late ABR wave amplitude and
latencies between tinnitus and tinnitus+hyperacusis may explain the numerous existing
differences in sound responsiveness described for tinnitus groups. Central ABR in
tinnitus patients were either not reduced (ABR wave V inferior colliculus/lemniscus
lateralis) or even increased (Schaette and McAlpine 2011, Gu, Herrmann et al. 2012,
Bramhall, Konrad-Martin et al. 2018).

Conclusively, among the participants with and without tinnitus, that did not differ in
hearing thresholds, the tinnitus group showed a significantly reduced and delayed ABR
wave V, a feature that would argue for reduced, rather than elevated, response gain in the

ascending auditory pathway of the tinnitus group.

4.6 Tinnitus participants with hyperacusis show higher BOLD response,
compared to the control and tinnitus group

Task-evoked fMRI measurements in the auditory cortex to music stimuli were
significantly lower in the tinnitus group but not in the tinnitus+hyperacusis group. The
lower acoustic stimuli-induced BOLD responses in tinnitus was also seen in our previous
study (Hofmeier, Wolpert et al. 2018), (Table 10). The differences in BOLD responses
to music stimuli in the auditory cortex may mirror functional sound response changes

reflected contrasting late ABR wave amplitudes between both groups. The same may be
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realized for LF-chirp stimuli that exhibit significantly higher BOLD responses in the
auditory cortex of tinnitus+hyperacusis but not tinnitus patients (Figure 23). In other
predefined ROIs, higher activity was observed in the tinnitusthyperacusis group
compared to the control group, but they did not reach the significance level in most cases.
These findings strongly indicate that numerous studies that describe either higher
responses in auditory cortex regions of tinnitus animals (Roberts, Eggermont et al. 2010),
or e.g. reduced grey matter volume in auditory cortex for tinnitus (Schneider, Andermann
et al. 2009, Schecklmann, Lehner et al. 2013) or the inferior colliculus (Landgrebe,
Langguth et al. 2009), or higher BOLD fMRI activities in cortical or subcortical regions
of tinnitus patients (Gu, Halpin et al. 2010, Husain 2016) may describe a mixture of
patient groups that cover either tinnitus with and without hyperacusis.

As a next interesting finding we observed that regions responsible for sound sensitivity
or attention showed likewise lower BOLD responses in the tinnitus group and
tinnitus+hyperacusis groups, although in the latter to a significant higher extend.
Interestingly, for the HF-chirp stimulus, both tinnitus groups show significantly lower
activity in regions of sound detection (Figure 22, Figure 23).

In the comparison between the tinnitus+hyperacusis group and the tinnitus group, also
for the music piece stimulus, the tinnitus+hyperacusis group showed significant higher
activity in primary and secondary auditory cortex regions (BA42, BA42A, BA41P,
BAA41), regions for sound detection like the posterior insula (BA13P), and regions in the
somatosensory cortex/pain associated areas (BA1, BA2, PCG1 and PCG2) (Figure 23).

Conclusively, we here could first distinguish tinnitus and tinnitus+hyperacusis through
sound induced BOLD responses. The lower music-induced BOLD fMRI activities in the
auditory cortex of tinnitus but not tinnitus+hyperacusis groups suggest that tinnitus is not
linked to central neural gain, as still discussed in numerous tinnitus literature. Higher LF
chirp stimulus induced BOLD responses in the auditory cortex of tinnitus+hyperacusis
may motivate to consider that numerous animal and clinical studies describing
characteristics of tinnitus, have identified instead characteristics of the underlying entity
hyperacusis.

It is also interesting, that in a context of distress or burden associated with tinnitus, the
somatosensory regions in the postcentral gyrus show also higher responses in BOLD to

visual stimuli, depicting painful situations (Gu and Han 2007, Decety, Michalska et al.
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2008) or also with tactile painful stimulation (Bingel, Lorenz et al. 2004). A relation to
pain-associated regions can be an explanation for our observations of higher BOLD
response in somatosensory regions for participants with tinnitust+hyperacusis, because
the over-sensitivity to sound can also be painful.

The lower HF chirp-induced BOLD responses in tinnitus and even more pronounced in
tinnitus+hyperacusis (Figure 23) suggest that both entities are linked to reduced auditory-
specific resolution or capacities to properly focus attention to the tone through a memory-

linked facilitation process (Irvine 2018).

4.7 No difference for cortisol in saliva was observed between the groups

While we observed in the smaller tinnitus group a tendency of higher cortisol level in
saliva during the day, compared to the controls, in the larger groups we observe even a
slight reduction, even though the means are not significantly different due to the large
deviation of the single values (Figure 25).

Interestingly for the control group data, we could not observe the typical circadian
rhythm, with a flatten of the cortisol level over the day/night (Oster, Challet et al. 2017).
Instead outlier seem to affect the mean value for the 11.00 pm time-point in the control
group, therefore larger groups are recommended.

The tinnitus group with hyperacusis appeared in the afternoon with a slightly higher
average cortisol level than the control group and even the tinnitus group, additionally also
slightly higher in the morning, compared to the tinnitus group. This may reflect the higher
burden that we postulate from the results score of the tinnitus questionnaire (Figure 17),
and from observations by other research groups, that tinnitus patients suffer more with an
additional hyperacusis than with a tinnitus percept only (Gabriels 1995, Jastreboff and
Jastreboff 2000).

Conclusion

The finding in the present study evidenced for the first-time objective differences between
tinnitus and tinnitus+hyperacusis. Up to now no study exists that subdivide the tinnitus
group in clinical trials to identify diagnostic or therapeutic intervention strategies for
tinnitus independent of co-occurrence of hyperacusis. Differences between groups could

be identified through audiometric differences as well as task-evoked BOLD responses
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from fMRI measurements. In the present study spontaneous r-fcMRI activities are shown
for the tinnitus group only. Although not shown in the present thesis, the study provided
evidence that r-fcMRI activities in tinnitusthyperacusis groups may significantly
contribute to a differential diagnosis as well.

The study thus contributes to identification of distinguished characteristics for sub-
entities behind tinnitus. In future animal and human studies, this sub-classification should
be strictly followed, to potentially support the monitoring of therapeutically approaches
and accelerate the development of a roadmap to cure tinnitus with and without

hyperacusis.
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5. Summary

Tinnitus is known as the sound people perceive, without an external stimulation. It affects
around 15 — 20 % of the population (Baguley, McFerran et al. 2013, Bauer 2018). Until
now, there is no single treatment to eliminate the tinnitus percept permanently (Zenner,
Delb et al. 2017), which is also owed by the fact, that the pathophysiological mechanisms
are poorly understood and controversial debated. The majority of tinnitus literature
suggests the tinnitus percept to be the result of elevated spontaneous activity that is
translated to a tinnitus percept by neural gain. Few other studies — including our own —
suggest tinnitus rather to be linked to reduced central gain. We here hypothesized that
contrasting views about the neural correlate of tinnitus may be due to possible
comorbidities as hyperacusis that might be linked to central activity patterns different
from tinnitus and thereby might hide characteristics of tinnitus-specific brain activities.
To test this hypothesis, we analyzed participants with tinnitus, tinnitusthyperacusis and
control participants, using different methods from audiometry (pure tone audiometry,
auditory brainstem response measurements), imaging (evoked and resting state fMRI)
and analysis body fluids (cortisol in saliva) to possibly identify differences in tinnitus and
tinnitus+hyperacusis specific characteristics. Participants with severe hearing loss or
neurological disorder were excluded.

We showed, that neither the middle ear function nor the hearing threshold was different
between control, tinnitus or tinnitus+hyperacusis group. However, emotional, cognitive
distress, annoyance, penetrance, sleep disturbance and social complaints as sub scores
identified through a tinnitus questionnaire were significantly elevated in the
tinnitus+hyperacusis group in comparison to the tinnitus group. While tinnitus was
characterized by reduced and delayed supra-threshold sound induced brainstem responses
to click stimuli, the tinnitust+hyperacusis group exhibited elevated and rather shortened
sound induced brainstem responses in comparison to the tinnitus and control group. The
differences remained unaffected by non-audiometric parameters like age, sex or
handedness. Reduced and delayed sound induced brainstem responses in the tinnitus
group were reflected by auditory task evoked BOLD response in the auditory cortex to
music stimuli and reduced spontaneous resting state r-fcMRI response in ascending
auditory nuclei. In contrast the slightly higher sound evoked ABR brainstem responses in

the tinnitus+hyperacusis group were reflected in higher low-frequency (LF)-chirp stimuli
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induced BOLD responses in the auditory cortex regions. In both groups high-frequency
(HF)-chirp stimuli resulted in significant reduced response pattern in regions responsible
for sound sensitivity like the posterior insula (BA13P) and the hippocampus, although
with a significant higher extend in tinnitusthyperacusis groups. This indicates that
tinnitus and tinnitus+hyperacusis exhibit distinguished and rather contrasting response
patterns in the auditory path. In contrast both groups exhibit an obviously reduced
capacity to properly discriminate and focus attention to tones, a feature that is more
pronounced when hyperacusis co-occurs with tinnitus.

Summarized, these results suggest that tinnitus is linked to reduced central auditory gain.
The study also unravels that the comorbidity of hyperacusis with tinnitus may be possibly
linked to enhanced central response patterns. Thereby, we suggest that previous
assumption of central neural gain as a neural correlate of tinnitus may have described a
neural correlate that is rather characteristic for hyperacusis than for tinnitus. Finally, the
study identifies first objective functional biomarkers that have the potential to be used in
clinical trials to sub-classify tinnitus and hyperacusis and thereby improve therapeutic
intervention strategies for both entities.

We here overall discuss and summarize studies shown in (Hofmeier, Wolpert et al. 2018,

Mohrle, Hofmeier et al. 2019, Hofmeier, Wolpert et al. 2020, in preparation).
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German Summary

Tinnitus ist eine auditorische Phantomwahrnehmung die bis zu 15 - 20 % der
Bevdlkerung betrifft (Baguley, McFerran et al. 2013, Bauer 2018). Bis heute gibt es keine
Kausaltherapie (Zenner, Delb et al. 2017). Der nach wie vor fehlenden Therapieansatz ist
u.a. der Tatsache geschuldet, dass die pathophysiologischen Mechanismen von Tinnitus
bis heute nicht genau verstanden sind und zudem die Evidenzen kontrovers diskutiert
werden. In der Mehrheit der Tinnitus-Literatur wird die Meinung vertreten, dass die
Tinnituswahrnehmung das Ergebnis einer erhdhten spontanen Nervenaktivitdt ist, die
durch neuronale Verstirkung zu einer kortikalen Tinnituswahrnehmung fiihrt. Nur
wenige andere Studien — einschlieBlich unserer eigenen — vermuten, dass Tinnitus eher
durch ein vermindertes, auditorisch-spezifisches, zentrales Antwortverhalten und
erhohtes Rauschen verursacht wird, das unspezifisch verstarkt und zur Tinnitusperzeption
fithrt. Wir haben hier die Hypothese aufgestellt, dass die kontrdren Ansichten iiber das
neuronale Korrelat von Tinnitus auf mogliche Komorbidititen wie Hyperakusis
zuriickzufilhren sein konnten — welche die Tinnitus-spezifischen Merkmale der
Gehirnaktivitdt tiberlagern. Um diese Hypothese zu iiberpriifen, untersuchten wir
Kontrollprobanden und Probanden mit Tinnitus im Vergleich zu Probanden mit
Tinnitus+Hyperakusis. Es wurde ein multimodaler Methodenansatz gewéhlt, der
Audiometrie (Reintonaudiometrie, akustische Hirnstammaudiometrie), bildgebende
Verfahren (evozierter fMRT-Messung wie auch Ruhe-fMRT-Messung) und die Analyse
von Stresshormonen (Cortisol im Speichel) kombiniert. Teilnehmer mit einem gréferen
Horverlust (> 40 dB) ebenso wie Patienten mit neurologischen Erkrankungen wurden zur
Gruppenharmonisierung ausgeschlossen.

Wir zeigten, dass weder die Mittelohrfunktion noch die Horschwelle zwischen der
Kontroll-, Tinnitus- oder TinnitustHyperakusis-Gruppe unterschiedlich ist, d.h. die
Horschwelle selbst kein charakteristisches Kriterium der Sub-Entititen darstellt. Ein
erster Unterschied zwischen den Gruppen zeigte sich jedoch schon fiir bei der Analyse
des Tinnitusfragebogens. Samtliche Belastungskriterien fiir Tinnitus wie emotionale und
kognitive Beeintrdchtigungen, emotionale Schwere und Penetranz durch den Tinnitus,
Schlafstorungen und soziale Beeintrdchtigungen waren in der Tinnitust+Hyperakusis-

Gruppe im Vergleich zur Tinnitus-Gruppe signifikant erhoht. Tinnitusprobanden zeigten
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ein reduziertes und verzogertes iiberschwelliges Antwortverhalten auf akustische Klicks,
wiahrend die TinnitustHyperakusis-Gruppe im Vergleich zur Tinnitus- und
Kontrollgruppe eher erhdhte, verkiirzte Antworten fiir Klicks zeigte. Die Unterschiede
blieben unbeeinflusst von nicht-audiometrischen Parametern wie Alter, Geschlecht oder
Handigkeit. Die reduzierte und verzogerte akustische Hirnstammantwort in der Tinnitus-
Gruppe spiegelte sich in einer verminderten Stimulus-induzierten BOLD fMRT-Antwort
im auditorischen Kortex auf Musikstimuli wider und ging mit einer verminderten
spontanen Ruheaktivitdt (r-fcMRI-Reaktion) in der aufsteigenden Horbahn einher. Im
Gegensatz dazu wurden die geringfiigig hoheren akustisch evozierten BERA-
Hirnstammantwort in der Tinnitus+Hyperakusis-Gruppe durch hohere niederfrequente
Chirp-induzierte BOLD fMRT-Antwort in den Regionen des auditorischen Kortex
reflektiert. In beiden Gruppen fiihrten hochfrequente Chirp-Stimuli zu einer signifikant
reduzierten Antwort in Regionen, die fiir geddchtnisabhéngige Diskriminationsschérfe
verantwortlich sind, wie die posteriore Insula (BA13P) und der Hippocampus, allerdings
mit einem signifikant hoheren Ausmal in der Tinnitus+Hyperakusisgruppe. Dies deutet
darauf hin, dass Tinnitus und Tinnitus+Hyperakusis beziiglich des zentralen
Antwortverhaltens der aufsteigenden Horbahn offenbar gegensétzlich sind. Im Gegensatz
dazu zeigen beide Gruppen gemeinsam eine offensichtlich verminderte Fahigkeit, Tone
richtig zu unterscheiden und die Aufmerksamkeit auf Tone zu lenken — ein Merkmal, das
ausgeprégter ist, wenn Hyperakusis als Co-Morbiditit mit Tinnitus auftritt.
Zusammengefasst deuten diese Ergebnisse darauf hin, dass die friihere Annahme der
zentralen neuronalen Verstirkung als neuronales Korrelat von Tinnitus offenbar
félschlicherweise ein neuronales Korrelat von gleichzeitig auftretender Hyperakusis
beschrieben hat, anstatt ein eindeutiges Tinnitusmerkmal. Die Studie identifiziert
erstmals objektive funktionelle Biomarker fiir Tinnitus mit und ohne Hyperakusis, die
das Potenzial haben, in klinischen Studien verwendet zu werden und kausale
therapeutische Interventionsstrategien fiir Tinnitus mit und ohne Hyperakusis zu
verbessern.

Wir diskutieren und fassen hier Studien zusammen, die in (Hofmeier, Wolpert et al. 2018,
Mohrle, Hofmeier et al. 2019, Hofmeier, Wolpert et al. 2020, in Vorbereitung) gezeigt

wurden.
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Probandeninformation

Uber die Teilnahme und die Durchfiihrung der klinischen Studie mit dem Titel:
,Funktionelle MR-Tomographie zur Darstellung der Hirnaktivitdt und der Horbahn bei Tinnitus-
Patienten mit und ohne Hyperakusis und Hyperakusis ohne Tinnitus und Vergleichspersonen *

German Clinical Trials Register DRKS0006332

Sehr geehrte Damen und Herren,

wir mdchten Sie tiber eine Untersuchung des Tinnitus (Ohrgerdusch) und der Hyperakusis
(Larmempfindlichkeit) informieren, in der erforscht werden soll, wie unser Gehirn unter den
krankhaften Veranderungen des Tinnitus und der Hyperakusis abweichend funktioniert und
welche Funktionsmechanismen  zu den krankhaften  Veranderungen  fiihren
(pathophysiologische Veranderungen).

Tinnitus lasst sich in Tieren Gber operantes Verhaltenstraining im Tier nachweisen.
Hierbei wird ein Ohrgerdusch ohne Ton durch Aspirin oder Schall-exposition induziert. Uber ein
Verhaltenstraining der Tiere - in Stille ruhig zu sitzen und bei Gerauschen Zuckerwasser trinken
zu diirfen - lasst sich Tinnitus im Tier nachweisen. Wir wissen aus Untersuchungen an Tieren
mit Tinnitus, dass bei Stress typischerweise Hormone (Corticoide) im Blut erhoht sind, die auch
erhoht im Urin nachgewiesen werden konnten. Diese Hormone haben auch Einfluss auf die
Gehirnaktivitdt und tragen zur Tinnitus-Entstehung bei. Die Beobachtungen bei Tieren konnten
bei Patienten mit Tinnitus bestatigt werden. In vorangegangenen Studien konnten
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Unterschiede in Aktivierungen in Bereichen des Gehirns zwischen Normalhdérenden und
Tinnitus-Betroffenen gezeigt werden. Bis heute sind die genauen Funktionsmechanismen
unbekannt.

Hyperakusis gehort genau wie der Tinnitus zu einem Symptom mit aktueller und
zuklnftiger sozialmedizinischer Bedeutung. Zurzeit ist nicht bekannt, ob Tinnitus und
Hyperakusis moglicherweise Pathologien ein und derselben Erkrankung im unterschiedlichen
Schweregrad darstellen oder ob es sich um verschiedene Entitaten mit vollig unterschiedlichen
neuronalen Korrelaten handelt.

lede/r fur diese Studie in Frage kommende Patient/Patientin erhdlt diese

Patienteninformation wahrend eines Besuches in der HNO-Klinik TUbingen, um sich lber die
Grinde zur Durchfiihrung der Studie zu informieren. Alle auftretenden Fragen konnen Sie dem
Prifarzt stellen und Sie kdnnen sich Unklarheiten erldutern lassen. Ihr Prifarzt (Ambulanzarzt)
wird Sie nochmals miindlich Giber den Studienablauf informieren und Sie fragen, ob Sie mit der
Durchfiihrung der Studie und der Weitergabe lhrer Daten einverstanden sind.

Warum wird diese Priifung durchgefiihrt?

Durch diese Studie moéchten wir ein ndheres Verstandnis flir die Zusammenhange des Tinnitus-
und Hyperakusisleidens bekommen und eine bessere Behandlungsmoglichkeit, die an der
Beseitigung der Krankheitsursache (kausale Therapie) ansetzt, entwickeln zu kénnen.

Es sollen 60 Probanden (jeweils 10-20 pro Fallgruppe und 20 in der Kontrollgruppe) an
der Studie teilnehmen.

Welche MaRhahmen werden ausschlieBlich aus Studiengriinden durchgefiihrt?
Die in dieser Studie durchgefiihrte Blutentnahme, Speichel- und Urinproben und Fragebodgen

(fir Studienteilnehmer mit Tinnitus) werden ausschlieBlich aus Studiengriinden durchgefihrt.
Die Teilnahme an der Studie schlieft die Untersuchung in einem 3.0 Tesla-
Magnetresonanztomographen ein. Bei der Magnetresonanztomographie (MRT) handelt es sich
um ein Verfahren zur Erstellung von Bildern des menschlichen Kdrpers, das seit 30 Jahren auch
in der radiologischen Diagnostik eingesetzt wird. Es beruht auf der Aufnahme von Signalen, die
von Atomkernen im Koérper ausgesendet werden, wenn zuvor eine Anregung mit einem
Radiowellenimpuls in einem dulReren Magnetfeld erfolgt ist. Es werden keine Rontgenstrahlen

verwendet.

Wie ist der Ablauf der Studie?

Bei Aufnahme in diese Studie wird die Vorgeschichte Ihrer Krankheit erhoben und Sie werden
einer HNO-arztlichen Untersuchung unterzogen. Danach werden vier Hortests zur Bestimmung
des Horvermaogens und, falls bei lhnen vorhanden, eine Bestimmung des Tinnitus (Lautstéarke,
Tonhohe, Unterdriickbarkeit) durchgefiihrt sowie, falls Hyperakusis vorhanden, eine
sogenannte Unbehaglichkeitsschwelle bestimmt. Die Moglichkeit Ihrer weiteren Teilnahme an
dieser klinischen Priifung wird von den Ergebnissen dieser Voruntersuchung abhdangen
(Zeitaufwand: 45-60 Minuten).
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Bei Einschluss in diese Studie erfolgt einmalig eine Blutentnahme (ca. 20 ml), was ca. 4%
der bei einer Blutspende enthommenen Menge entspricht. Studienteilnehmer mit Tinnitus
werden zudem gebeten zwei Fragebdgen auszufiillen. Fiir die Proben zur
Hormonbestimmungen im Speichel und Urin werden Sie entsprechende Materialien fiir zu
Hause mitbekommen. Der Priifarzt wird lhnen genau erklaren, wie diese anzuwenden sind.

Innerhalb von 4 Wochen erfolgt eine weitere Visite (Visit 2). Hierzu miissen Sie in die
Radiologische Klinik Tibingen (Abteilung fir Diagnostische und Interventionelle
Neuroradiologie) kommen und einen Aufenthalt von ca. 2 Stunden einplanen.

Circa ein bis zwei Wochen nach diesem Termin werden wir Sie nochmals telefonisch
kontaktieren, um nachzufragen, wie Sie die Untersuchung vertragen haben.

Aufwandsentschadigung: 50 Euro.

Worauf ist vor/nach der MRT-Untersuchung zu achten?

Metallteile, die in das Magnetfeld gelangen, kdnnen zu Verletzungen und Bildstérungen fihren.
Deshalb missen samtliche metallischen, magnetischen und elektronischen Gegenstande vor

Betreten des Untersuchungsraums abgelegt werden. Hierzu zahlen z.B.:

e Uhren, Brillen;

e Ohrringe und anderer Schmuck (inkl. Piercing-Schmuck) sowie Haarnadeln oder

Haarspangen;

e Brieftasche bzw. Portemonnaie inklusive Kreditkarten (die Magnetstreifen werden durch die
MRT geldscht!), einzelne Geldmiinzen;

o Metallteile an der Kleidung (z.B. Girtelschnallen); Kleidungsstiicke mit einem ReilRverschluss
oder mit Metallfdden, Metallknépfen oder Ahnlichem (z.B. Metallverschluss am BH) sollten
nicht getragen werden;

e Kugelschreiber, Schliissel, Taschenmesser und andere Metallteile;

e herausnehmbarer Zahnersatz, Zahnspangen,

e Horhilfen.

Weitere Infos s.u.

Sollte wahrend oder nach der Untersuchung oder in den darauffolgenden Tagen ein
plétzliches Unwohlsein auftreten (z.B. Juckreiz, Niesreiz, Schwindel, Kopfschmerzen, Ubelkeit,
Atembeschwerden, Durchfall, Schmerzen o. &.) sollten Sie bitte sofort Ihren Studienarzt

informieren.

Was sind die Risiken der Untersuchungen?

Gesundheitliche Beschwerden wie Verschlechterung des Horvermdgens, des Tinnitus oder der
Hyperakusis durch Hortests (audiologische Untersuchungen und Messungen) sind bis heute
nicht beobachtet worden.

Bei Blutentnahmen mit einer Einmalkantile und durch das Legen einer Verweilkanle fiir
das fMRT kann es in seltenen Fallen zu Reizungen, Entziindungen oder Verlegungen von
Venen, zu Infektionen bzw. zur Bildung von Himatomen kommen. Sollte es zu den genannten
Komplikationen kommen, fiihrt eine lokale Behandlung mit Heparinsalbe in der Regel zu einer
raschen Abheilung. In sehr seltenen Fallen kann es im Rahmen einer Blutentnahme zur
generalisierten Entziindungsreaktion kommen, die auch zu einer eventuell lebensbedrohenden
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Infektion flihren konnte. Diese sollte im weiteren Verlauf medizinisch kontrolliert und ggf.
intensiv behandelt werden. Irrtiimlicherweise konnte es im Rahmen des Legens einer
Verweilkanile zur Punktion einer Arterie bzw. eines Nerven kommen, dies kann wiederum zur
Hamatombildung flhren, letzteres kann im unglinstigsten Fall auch zu einer Nervenschadigung
an der Punktionsstelle fiihren, die mit einem anhaltenden Taubheitsgefiihl in der
entsprechenden Hautregion einhergeht. Es werden etwa 20 ml Blut entnommen, was ca. 4%
der bei einer Blutspende entnommenen Menge entspricht.

Bei der MR-Untersuchung sind generell keine gesundheitlichen Schaden oder
Beeintrachtigungen zu erwarten. Es gibt Richtlinien und Grenzwerte fiir MR-Untersuchungen
zum Schutz von Patienten oder Probanden. Eine spezielle technische Uberwachung an den
verwendeten Magnetresonanztomographen sorgt dafiir, dass diese Werte nicht Gberschritten
werden. Die Untersuchung wird von medizinisch geschultem Fachpersonal vorgenommen, und
es werden keine intravendsen Kontrastmittel verabreicht. Alle MR-Tomographen verfligen
liber eine Sprechverbindung zwischen Proband und Untersucher sowie Uber eine
Alarmeinrichtung, die der Studienteilnehmer wahrend der Untersuchung betatigen kann, um
durch einen lauten Alarmton auf sich aufmerksam zu machen. Alle Studienteilnehmer werden
visuell durch direkte Anwesenheit des Untersuchers wahrend der Messung oder durch ein
Fenster Gberwacht.

Folgende Risiken und Begleiterscheinungen sind moglich, auf die Sie achten sollten:

e Hautreizungen, die durch Tatowierungen oder Make-up, in denen metallhaltige Farbstoffe
enthalten sind, hervorgerufen werden.

o Leichte bis maRige Kopfschmerzen durch die lauten Gerdusche, die in der Regel von selbst
wieder abklingen und meist keiner Behandlung bedirfen.

e Extrem selten: Auftreten von Ohrgerduschen (Tinnitus), die zumeist nach der Untersuchung
wieder verschwinden, ausgesprochen selten aber auch bleiben konnen.

o Kurzzeitiges Schwindelgefiinl oder sensorische Reizungen beim Einfahren in den
Tomographen.

e Bei Hautberlhrungen der Beine oder der Arme oder Hande kann es in seltenen Fallen durch
die eingestrahlte Hochfrequenz zu lokalen Erhitzungen oder Hautverbrennungen an den
Kontaktstellen kommen. Bei der Lagerung von Personen im Magnetresonanztomographen
ist deshalb darauf zu achten, dass solche Beriihrungen nicht auftreten.

Wer darf an dieser klinischen Priifung nicht teilnehmen?

An dieser klinischen Priifung diirfen Sie nicht teilnehmen, wenn Sie gleichzeitig an anderen
klinischen Priifungen oder anderen klinischen Forschungsprojekten teilnehmen oder vor kurzem
(weniger als 30 Tage) teilgenommen haben.

Schwangere und stillende Frauen diirfen an dieser Studie nicht teilnehmen. Zu Beginn der
Untersuchungen in der Radiologischen Klinik Tlibingen missen sich deshalb alle Frauen im
gebarfahigen Alter einem Schwangerschaftstest unterziehen. Durch einen Schwangerschaftstest
kann jedoch eine Schwangerschaft erst einige Tage nach der Empfangnis verldsslich nachgewiesen
werden.

Aufgrund der MRT-Untersuchung konnen Sie nicht teilnehmen, falls eine der im

Folgenden aufgefiihrten Bedingungen auf Sie zutrifft:

e Sie tragen nicht entfernbare Metallteile im oder am Korper wie z.B.:
= Herzschrittmacher
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= kinstliche Herzklappen
=  Metallprothesen
= implantierte magnetische Metallteile (Schrauben, Platten von Operationen)
= Spirale
= Metallsplitter/Granatsplitter
= feste Zahnspange
= Retainer an bis zu 4 Zahnen pro Zahnreihe sind in Ordnung
= Akupunktur-Nadel
= |nsulinpumpe
= |ntraport etc.
= Tatowierungen, Lidschatten
e Sie zdhlen zu den Personen mit eingeschriankter Temperaturempfindung und/oder erhohter
Empfindlichkeit gegenliber Erwdarmung des Korpers.
e Eine Kreislauferkrankung kann nicht ausgeschlossen werden.
e Sie haben eine Gehoérerkrankung.
e Sie haben Angst vor Enge (Klaustrophobie).

Welchen Nutzen haben Sie von der Untersuchung?

Da diese Untersuchung einen rein wissenschaftlichen Charakter hat, haben Sie keinen direkten
Nutzen durch Ihre Teilnahme. Die Entwicklung neuer Messmethoden auf dem Gebiet der MRT
hat jedoch fiir die zukilinftige klinische Diagnostik einen duerst hohen Stellenwert. Es handelt
sich bei dieser Untersuchung nicht um eine diagnostische Kernspintomographie, so dass
etwaiger krankhafte Veranderungen nicht zielgerichtet untersucht werden. Wenn sich aber
aus den aufgenommenen Messdaten ein Hinweis auf das Vorliegen einer Erkrankung ergibt,
werden Sie dariber informiert, insofern Sie damit einverstanden sind. In diesem Fall werden
Sie Hinweise bekommen, welche diagnostischen Untersuchungen Sie durchfiihren lassen
sollten.

Entstehen fiir mich Kosten durch die Teilnahme an der Studie?

Erhalte ich eine Aufwandsentschadigung?

Durch lhre Teilnahme an dieser Studie entstehen fiir Sie keine Kosten. Fiir die Teilnahme erhalten
Sie eine Aufwandsentschadigung entsprechend den folgenden Bedingungen: Durchfiihrung von
insgesamt 2 Visiten Uber insgesamt 4 Wochen in der Universitatsklinik Tibingen.
Aufwandsentschadigung: 50 Euro

Bin ich wahrend der klinischen Priifung versichert?
Fiir die geplante Studie wird keine separate Versicherung abgeschlossen, da bei

ordnungsgemaler Handhabung fiir Sie kein erkennbares und erh6htes Risiko besteht.

Was geschieht mit meinen Blut-, Speichel- und Urinproben?

Die Proben werden zunachst fiir diese klinische Priifung verwendet. Etwaiges Restmaterial wird
im Rahmen der Routineentsorgung durch das Zentrallabor vernichtet, bzw. im Labor der
Abteilung Molekulare Psychiatrie pseudonymisiert fiir die Dauer von langstens 10 Jahren
aufbewahrt.
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Kann meine Teilnahme an der klinischen Priifung vorzeitig beendet werden?

Ihre Studienteilnahme ist freiwillig, Sie kdbnnen jederzeit, auch ohne Angabe von Griinden, lhre
Teilnahme beenden, ohne dass Ihnen dadurch irgendwelche Nachteile bei lhrer medizinischen
Behandlung entstehen.

Unter gewissen Umstanden ist es aber auch moglich, dass der Priifarzt entscheidet, lhre
Teilnahme an der Studie vorzeitig zu beenden, ohne dass Sie auf die Entscheidung Einfluss haben.
Die Griinde hierfiir kdnnen z. B. sein:

» |hre weitere Teilnahme an der klinischen Prifung ist arztlich nicht mehr vertretbar;

» es wird die gesamte klinische Priifung abgebrochen.

Was geschieht mit meinen Daten?

Wahrend der Studie werden medizinische Befunde und personliche Informationen erhoben und
in der Prifstelle in Ihrer personlichen Akte niedergeschrieben oder elektronisch gespeichert. Die
fir die klinische Priifung wichtigen Daten werden zusatzlich in pseudonymisierter Form
gespeichert, ausgewertet und gegebenenfalls weitergegeben.

Pseudonymisiert bedeutet, dass keine Angaben von Namen oder Initialen verwendet
werden, sondern nur ein Nummern- und/oder Buchstabencode, evtl. mit Angabe des
Geburtsjahres.

Die Daten sind gegen unbefugten Zugriff gesichert. Eine Entschliisselung erfolgt nur unter
den vom Gesetz vorgeschriebenen Voraussetzungen.

Der Datenschutz ist in jeder Hinsicht gewahrt.

Die im Rahmen der wissenschaftlichen Untersuchung erhobenen Daten werden vertraulich
behandelt und ausschlielich in verschlisselter Form weitergegeben. Die Aufzeichnung der
erhobenen Daten erfolgt zunachst in den Originalunterlagen, der Krankenakte, in die der Arzt
auch bisher alle Befunde eingetragen hat. Die fir die wissenschaftliche Untersuchung
wichtigen Daten werden in verschlisselter Form (pseudonymisiert, ohne Namensnennung) in
einen gesonderten Dokumentationsbogen eingetragen.

Die Zuordnung lhrer verschliisselten Daten ist nur anhand einer Probandenliste moglich,
die in einem verschlossenen Schrank, getrennt von den Studienunterlagen, aufbewahrt wird
und nur dem Studienleiter und den Arztlichen Direktoren der Kliniken zugénglich ist. Die Daten
werden fiir die Dauer von 10 Jahren in der HNO-Klinik Tiibingen (Horforschungszentrum: Prof.
Dr. Marlies Knipper) aufbewahrt. Ohne die Einwilligung kdnnen Sie nicht in diese Klinische
Studie eingeschlossen werden.

Es ist geplant, nach Abschluss der Studie die Ergebnisse in einer wissenschaftlichen
Zeitschrift zu veroffentlichen.

Wir bitten Sie mit der nachfolgenden Datenschutzerkldrung um die Erlaubnis, die erhobenen
Daten auswerten zu diirfen.

An wen wende ich mich bei weiteren Fragen?
Sie haben stets die Gelegenheit zu weiteren Gesprachen in lhrem Priifzentrum in der HNO- oder
Radiologischen Klinik Tlibingen mit den unten genannten Personen oder einem anderen Priifarzt.

Oberarzt Dr.med. Stephan Wolpert Dr. med. Florian Hennersdorf

Universitats-HNO-Klinik Ttbingen Universitatsklinikum Tibingen

Elfriede-Aulhorn-Str. 5 Radiologische Klinik, Abteilung fiir diagnostische und
72076 Tlbingen interventionelle Neuroradiologie

Tel. 07071-2988001 Hoppe-Seyler-Str. 3
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Fax. 07071-295674 72076 Tubingen
stephan.wolpert@med.uni-tuebingen.de Tel. 07071-2985391
Fax. 07071-295638
florian.hennersdorf@med.uni-tuebingen.de
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4 l Eberhard-Karls-Universitat Probande ndaten

Universitatsklinikum Tiibingen

Universitatsklinikum Tiibingen
Nasen-Ohren-Klinik

OA Dr. med. Stephan Wolpert

Tel. 07071-29-88001

Fax. 07071-29-5674
stephan.wolpert@med.uni-tuebingen.de

Radiologische Klinik

Abteilung fiir diagnostische und interventionelle Neuroradiologie
Dr. med. Florian Hennersdorf

Tel. 07071-29-86024

Fax.  07071-29-5638
florian.hennersdorf@med.uni-tuebingen.de

Einverstandniserklarung fiir Probanden

Uber die Teilnahme und die Durchfiihrung der klinischen Studie mit dem Titel:

»Funktionelle MR-Tomographie zur Darstellung der Hirnaktivitdt und der Hérbahn bei Tinnitus-
Patienten mit und ohne Hyperakusis und Hyperakusis ohne Tinnitus und Vergleichspersonen
Uber den Zweck und den Ablauf der Studie, sowie die aus meiner Teilnahme an dieser Studie

resultierenden Rechte und Pflichten und dariber, keinen Nutzen und kein Gewinn aus der

Studienteilnahme Zu ziehen, bin ich informiert worden.

Ich bin insbesondere auch liber Wesen, Bedeutung und Tragweite sowie iber mogliche Risiken
und Nachteile aufgeklart worden. Ich habe eine schriftliche Patienteninformation erhalten und
konnte in einem Gesprach meine Fragen klaren. Alle mich interessierenden Fragen wurden in
fir mich verstandlicher Weise beantwortet.

Ich wurde dariiber aufgeklart, dass die Teilnahme freiwillig ist und ich meine Einwilligung zur
Untersuchung jederzeit ohne Angabe von Griinden ohne Nachteile flir mich zurlickziehen

kann. Ich wurde dartber informiert, dass samtliche erhobenen personenbezogenen Daten
vertraulich behandelt und pseudonymisiert ausgewertet werden.

Eine Kopie der schriftlichen Probandeninformation und dieser Einverstandniserkldarung habe ich

erhalten.
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Ich willige in die Studienteilnahme ein.

Tubingen, den

Name, Vorname des/der Probanden/in Unterschrift

Tubingen, den

Name, Vorname der Studienarztes Unterschrift
] Im unwahrscheinlichen Fall eines Zusatzbefundes mochte ich informiert werden
Anschrift:

Telefonnummer:

Tubingen, den

Name, Vorname des/der Probanden/in Unterschrift

Hiermit erklare ich mich zusatzlich einverstanden mit

] der wissenschaftlichen Verwendung der Biomaterialien

] der Blutentnahme von insgesamt 10 ml Blut

Tubingen, den

Name, Vorname des/der Probanden/in Unterschrift

Besondere Bestimmungen fiir den Umgang mit den pseudonymisierten Biomaterialien.

Ich bin damit einverstanden, dass das pseudonymisierte Biomaterial zusammen mit meinen
Daten (Zutreffendes bitte ankreuzen)
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1 fur das Projekt ,,MR-Tinnitus/-Hyperakusis“ verwendet werden darf

"] in der Biobank der Klinik fiir Psychiatrie und Psychotherapie Tibingen zeitlich
unbeschrankt
o aufbewahrt werden darf

] fiir zukiinftige wissenschaftliche Projekte (d.h. auch fiir die Erforschung
anderer
o Erkrankungen) verwendet werden darf

[J im Rahmen wissenschaftlicher Kooperationsprojekte verwendet und in
diesem
o Zusammenhang an andere Kliniken oder Institute im In- oder Ausland
(anonymisiert)
o versandt werden darf.

Tubingen, den

Name, Vorname des/der Probanden/in Unterschrift
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Information zum Datenschutz

Probandendaten

4 | Eberhard-Karls-Universitat

Universitétsklinikum Tiibingen

Universitatsklinikum Tiibingen
Nasen-Ohren-Klinik

OA Dr. med. Stephan Wolpert

Tel. 07071-29-88001

Fax. 07071-29-5674
stephan.wolpert@med.uni-tuebingen.de

Radiologische Klinik

Abteilung fiir diagnostische und interventionelle Neuroradiologie
Dr. med. Florian Hennersdorf

Tel. 07071-29-86024

Fax.  07071-29-5638
florian.hennersdorf@med.uni-tuebingen.de

Informationen zum Datenschutz

Uber die Teilnahme und die Durchfiihrung der klinischen Studie mit dem Titel:

,Funktionelle MR-Tomographie zur Darstellung der Hirnaktivitét und der Hérbahn bei Tinnitus-
Patienten mit und ohne Hyperakusis und Hyperakusis ohne Tinnitus und Vergleichspersonen”
lhre im Rahmen der wissenschaftlichen Untersuchung erhobenen Daten werden vertraulich
behandelt und ausschlieBlich in verschliisselter Form verarbeitet, d.h. erhoben, gespeichert,
Ubermittelt, genutzt oder gel6éscht. Fiir Probanden bedeutet das, dass die Aufzeichnung der im
Rahmen dieser wissenschaftlichen Untersuchung erhobenen Daten zunadchst in den
Krankenunterlagen erfolgt, in die der Arzt auch bisher alle Befunde eingetragen hat. Die fiir die
wissenschaftliche Untersuchung wichtigen Daten werden dann in verschllsselter Form, d.h.
pseudonymisiert, nur mit einer sinnfreien Kodierziffer versehen, in einen gesonderten
Dokumentationsbogen eingetragen.

Die Zuordnung dieser pseudonymisierten Daten zu lhrer Person ist nur anhand einer Liste
moglich, die in einem verschlossenen Schrank, getrennt von den Studienunterlagen aufbewahrt
wird und nur dem Studienleiter und dem Arztlichen Direktor der Abteilung zugénglich ist. Die
Daten werden fir die Dauer von 10 Jahren in der HNO-Klinik Tibingen im Zentralarchiv des

Universitatsklinikums Tubingen aufbewahrt.
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Sollten Sie von der Studie zurilicktreten, kdnnen Sie entscheiden, ob die bereits
vorliegenden Daten vernichtet werden missen oder weiterverwendet werden diirfen.
Einwilligungserklarung zur Verarbeitung der erhobenen Daten

Ich erkldre mich der Verarbeitung der im Rahmen der Studie ,, Funktionelle MR-Tomographie
zur Darstellung der Hirnaktivitat und der Hérbahn bei Tinnitus- und Hyperakusis-Patienten
und Vergleichspersonen” erhobenen Daten in der oben beschriebenen Weise einverstanden.
Ich kann jederzeit meine Daten beim Studienleiter (0.a.) einsehen.

Tubingen, den Unterschrift Name des Probanden/der Probandin
in Blockschrift

Tubingen, den Unterschrift Name des aufklarenden
Arztes/Wissenschaftlers
in Blockschrift
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Appendix B - Recruitment flyer

Standort/Lageplan/Anfahrt

Parkmaéglichkeiten
UKT Parkhaus Crona P4

Hoppe-Seyler-Stralle 1
72076 Tibingen

Stadtzentrum
Kinken Tal

Effriede-Aulhorn-Strafe

i eintan kinikgeiance

Grona Kiniken Kinderki Hals-Nasen-Ohrenklinik

Gpoestiesotode BT he Kiinik Medizinische
Mikrobiologie

Heuoctinie lutspendezentrale NeEztieche Virciogla
Neuologe ™ B kontersnzzenrum
Qrtopiae Gasino, Cateteria
Radioonkologie (B Nukleammacizin
THG-Chirurgie
rologie

Allgemeines

Was ist Tinnitus?

Tinnitus (Ohrensausen) ist eine Fehlfunktion unseres
Horsinns, bei der ohne eine duBere Gerauschquelle
Phantomgerdusche ~ wahrgenommen  werden. Die
neurophysiologischen Grundlagen bei der Entstehung
von Tinnitus sind bisher noch nicht vollstandig
verstanden.

Tierexperimentelle und molekularbiologische
Forschungsergebnisse aus unserem Hoérforschungs-
zentrum geben Hinweise darauf, dass bei der
Tinnitusentstehung  u.a.  Stresshormone, fehlende
spezifische Aktivierung von Hirnstammstrukturen und
Schadigungen des Innenohrs eine wichtige Rolle spielen.
In der vorliegenden klinischen Studie soll in einem
interdisziplinaren Ansatz mittels horphysiologischer

Untersuchungen (Hortests), funktioneller
Magnetresonanztomographie (fMRT) und der
Untersuchung von Stresshormonen dieser

Zusammenhang Uberpriift werden.

Hierfiir suche wir freiwillige Teilnehmer mit / ohne
einem chronischen Ohrgerausch (Tinnitus).

Eine Teilnahme ist sowohl bei normalem Gehor als
auch bei moderatem Horverlust moglich.

Studienziel
Ziel der Studie ist, mittels fMRT den Aktivitatszustand
verschiedener Hirnareale mit und ohne Tinnitus zu
bestimmen und den Zusammenhang von
Innenohrschaden, Stresshormonen und  weiteren
Faktoren bei der Entstehung von Tinnitus zu ergriinden.
Mit den Erkenntnissen erhoffen wir uns neue
oglichkeiten zur Entwicklung diagnostischer  und
individualisierter Therapien fir Tinnitusbetroffene.

Ansprechpartner/info/Beteiligte

Kontakt

Moritz Walter
Tel. 07071/29-88202
Email: Moritz.Walter@med.uni-tuebingen.de

Universitétsklinikum Tiibingen

Klinik fiir Hals-Nasen-Ohren Heilkunde
Dr. med. Stephan Wolpert (Studienleiter)
Dr. med. John Thiericke
Elfriede-Aulhorn-Str. 5

72076 Tubingen

Tiibinger Horforschungszentrum (THRC)
Prof. Marlies Knipper

Sektion Molekulare Horphysiologie
Elfriede-Aulhorn-Str. 5

72076 Tubingen

Bereich MR Forschung

Prof. Klose

Abteilung fiir Diagnostische und Interventionelle
Neuroradiologie

Hoppe-Seyler-Strake 3

72076 Tubingen

Wie lauft die Studie ab?

Studienablauf

Wir planen fiir die Teilnehmer der Studie zwei Besuche
ein:

In_der HNO-Universitétsklinik werden wir beim ersten
Besuch verschiedene Horuntersuchungen mit Tinnitus-
Bestimmung und eine Speichel-,Urin-, und Blutentnahme
durchfiihren.

Die Blutentnahme ist notwendig um die Vertraglichkeit
der fMRT zu untersuchen und um lhre Stresshormon
(Cortisol)- Konzentration zu bestimmen.

(Dauer ca. 4 ¥:h)

Wir werden Sie auch bitten uns zwei weitere Urin- und
Speichelproben zum zweiten Besuch mitzubringen, in
denen wir durch eine neues Verfahren ebenfalls die
Stresshormon-Konzentrationen bestimmen wollen.

In_der Abteil Neur findet der zweite
Besuch statt, hier wird die fMRT-Untersuchung
durchgefuhrt.

Sollte bei Ihnen ein Tinnitus vorliegen wird wéhrend der
Messungen noch zusétzlich eine spezielle MRT-
Aufnahme mit Kontrastmittel angefertigt um ein sog.
Akusti reurinom”  auszuschlieBen. Das ,Akustikus-
neurinom* ist eine gutartige Geschwulst des Hornerves,
welche in seltenen Féllen Ursache fiir das Ohrgerdusch
sein kann. Bei Vorliegen eines chronischen Tinnitus
sollte einmalig eine solche MRT Untersuchung
durchgefiihrt werden.

(Dauer ca. 2h)

Aufwandentschédigung:

Fir die von Ihnen bereitgestellte Zeit konnen wir Ihnen,
bei einem Studieneinschluss, eine
Aufwandsentschadigung von 50€ erstatten.
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Universitatsklinik fiir Hals-

Nasen-und Ohrenheilkunde

UNIVERSITATS

KLINIKUM
4

TUBINGEN

fMRI-Hirnstamm
Aktivitatsdarstellung von
Tinnitus-Patienten und
Vergleichspersonen
(klinische Studie)

Komme ich fiir die Studie in Frage?

Einschlusskriterien fiir die Studie:
(Sie kdnnen teiinehmen wenn die unten genannten
Punkte zutreffen)
¢  Kein Tinnitus oder
Tinnitus einseitig/beidseitig
*  Kein Horverlust oder
nur leichter Horverlust
* Alter: 18 — 70 Jahre.

Ausschlusskriterien fiir die Studie:
(Sie kdnnen nicht teilnehmen wenn die unten genannten
Punkte zutreffen)

*  Schwangerschaft

*  Tinnitus-Therapie

*  Klaustrophobie (Platzangst)

* Metallimplantate die nicht MRT fahig sind

Welche Risiken bestehen fiir mich?
Es besteht ein sehr geringes Risiko bei Blutentnahme
und fMRT.
(i) fMRT-Untersuchung findet in einem in der
klinischen Routine (Neuroradiologie)
er und ertifizi MR-
Tomographen statt.




Appendix C - Recruitment e-mail
Liebe Studien-Interessierte,

die HNO-KIinik sucht fur eine Studie Probanden, um die Ursachen fur Tinnitus
(Ohrgerausch) und Hyperakusis (Larmempfindlichkeit) zu untersuchen.

Hierzu werden verschiedene Untersuchungen der Horfunktion, der
Korperflussigkeiten und auch der funktionellen Magnetresonanztomographie
(fMRI) durchgefuhrt. Dadurch soll der Aktivitatszustand der Patienten bestimmt
werden, um den Zusammenhang von Innenohrschaden und bspw.
Stressereignissen bei der Entstehung von Tinnitus und Hyperakusis zu
ergruinden und die Madglichkeit neuer diagnostischer und individualisierter
therapeutischer Ansatze zu erdffnen.

Die Studie beinhaltet drei Untersuchungstermine. In einer Voruntersuchung (ca.
1,5h) wird mittels Hormessungen (Hortest, BERA, Sprachtest) das Horvermogen
uberpruft; ebenfalls werden Korperflissigkeiten abgenommen (Blut, Speichel
und Urin). In einer zweiten Untersuchung (ca. 1.5h) wird an einem separaten
Termin eine fMRI Untersuchung durchgefihrt. In einem dritten Termin (ca. 1h)
beinhaltet eine Nachmessung der zuvor durchgefuhrten BERA-Untersuchung.
Far die drei Termine kdnnen wir lhnen eine Aufwandsentschadigung von 50€
gewahrleisten.

Far die Teilnahme an dieser Studie gelten folgende Rahmenbedingungen und
Einschlusskriterien:

e Alter zwischen 18 und 50 Jahren
e Ausreichende Deutschkenntnisse

e OHNE Tinnitus, OHNE Hyperakusis (Kontrollgruppe): kein Tinnitus- und
Hyperakusisleiden zum Zeitpunkt der Untersuchung

e MIT Tinnitus, OHNE Hyperakusis: kontinuierliche Tinnitusanamnese von
mehr als 4 Wochen

e MIT Hyperakusis UND Tinnitus: kontinuierliche Hyperakusisanamnese
von mehr als 4 Wochen, Tinnitus wie o.a.

e MIT Hyperakusis OHNE Tinnitus: kontinuierliche Hyperakusisanamnese
von mehr als 4 Wochen

e keine Teilnahme an der zuvor durchgefuhrten Tinnitusstudie in der HNO-
Klinik Tabingen (2016-2018)

keine Taubheit oder Schwerhdrigkeit (Horverlust gro3er als 40dB)
keine chronischen Gehorgangs- und Mittelohrenzindungen

keine neurologischen und psychiatrischen Grunderkrankungen

keine Einnahme von Psychopharmaka

keine Zuckerkrankheit, Bluthochdruck, Lungen- oder Herzerkrankung,
Blutarmut oder neurologische Erkrankungen
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keinerlei magnetisches Material im Korper (z.B. Metallsplitter,
Metallstaub durch Unfall oder Verletzungen, Implantate, Prothesen,
Herzschrittmacher, kinstliche Herzklappe, Shunt oder Port, Clips, Coils,
Filter, Katheder, Hormonspirale, Platten, Nagel, Drahte, Klammer, Nahte,
Zahnplomben mit Metall, Zahnspangen, Gelenkimplantate,
Intrauterinpessar etc.)

Retainer an bis zu 4 pro Zahnreihe sind in Ordnung

keine grof¥flachigen Tatowierungen

keine Klaustrophobie

keine Schwangerschaft

keine Abhangigkeit (auch fruhere) von Alkohol, Drogen oder
Medikamenten

Erlauterungen zu den Rahmenbedingungen bzw. genauere Angaben kdnnen
gerne auf Anfrage erteilt werden.

Wenn Sie Interesse haben bzw. weitere Informationen erhalten mdchten,
melden Sie sich bei Benedikt Hofmeier unter folgender E-Mail-Adresse:
tinnitus.studie@hno.uni-tuebingen.de

oder Mo-Fr 9-18 Uhr telefonisch:
07071/29-88240 (Benedikt Hofmeier)

Die personenbezogenen Angaben werden anonymisiert bzw. pseudonymisiert,
nur zu diesem Forschungszweck verwendet und nicht an Dritte weitergegeben.
Auf die Freiwilligkeit der Teilnahme wird ausdricklich hingewiesen.

Vielen Dank fur die Unterstutzung,
mit freundlichen Grufen,

Benedikt Hofmeier
Studienverantwortlicher:

Dr. med. Stephan Wolpert, OA HNO Tubingen
stephan.wolpert@med.uni-tuebingen.de

Impressum:

Prof. Marlies Knipper

Molecular Physiology of Hearing, AG Knipper
Hearing Research Centre Tubingen, THRC
Elfriede Aulhornstr. 5

72076 Tubingen

Telefon: 07071/29-88088
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Appendix D - List of inclusion/exclusion criteria

Checkliste fiir Probanden-Einschluss

Name:

Einschlusskriterien
O Fallgruppe (mit Tinnitus, Kontrollgruppe (ohne
ohne Hyperakusis) O Tinnitus, ohne Hyperakusis)
O Fallgruppe (mit Tinnitus
UND Hyperakusis)

O Fallgruppe (ohne Tinnitus,
MIT Hyperakusis)

Ja Nein Ja Nein
O O Kkontinuierl. Tinnitus (>4 Wochen) 0O Kein Tinnitusleiden
O O nicht pulsatil o0 Keine Hyperakusis

O O Tinnitus nicht als Begleiterkrankung

Wenn Tinnitus, seit wann (Jahr):

Handigkeit (unzutreffendes bitte durchstreichen): rechts // links

Ausschlusskriterien

JaNein HOrsystem

O O Horverlust uber 40dB

O O Knalltrauma

O O Jahrelange Larmexposition

O O Chronische Gehdrgang- oder Mittelohrentziindung

O O Ertaubung (ein-/beidseitig)

O O Morbus Meniére

O O Retrocochleare Horstorung (Nachweis durch BERA)

O O Schallleitungsschwerhdrigkeit (Uber 10dB bei mehreren Frequenzen)
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JaNein Allgemeine Krankengeschichte

00
00
00
00
00
00
00

00
00

00

Schadelhirntrauma(Grad |l oder III)
Herz-Kreislauferkrankungen

Diabetes

Nierenerkrankungen

Behandlung von Krebsleiden (Leukamie)
Allergien (gegen Kontrastmittel)

Eingeschrankte Temperaturempfindung/erhohte Empfindlichkeit
gegenuber Erwarmung des Korpers

Ototox. Medikamente (Schleifendiuretika, Aminoglykoside, Chemo)

Behandlung von neurologischen oder psychiatrischen Erkrankungen
(auch medikamentos: Neuroleptika, Haloperidol, L-Dopa)

Alkohol, Drogen

JaNein Sonstiges

00

Schwangerschaft

JaNein Therapie Horsystem

00
00
(0 N0)

Horgerateversorgung
Ohroperationen
Tinnitus Therapie (medikamentds, Masker/Noiser, HBO, Akupunktur)

JaNein MRT spezifische Fragen

00
0O
(0 N0)
0O

Platzangst
Kontrastmittelallergie
Grof¥flachige Tatowierungen

Permanente Metallteile
e Herzschrittmacher, Klnstliche Herzklappe
Granatsplitter
Schrauben, Platten von friherer OP
permanente Zahnspangen
Prothesen
Insulinpumpe
(Retainer uber 4 Zahnreihen sind in Ordnung)

119



Datum, Ort
Unterschrift

Einschlusskriterien fur die Tinnituspatienten (Fallgruppe)

1.
2.
3.

Kontinuierliche Tinnitusanamnese von mehr als 4 Wochen

Tinnitus ein- oder beidseitig

Klinisch unauffalliger mikroskopischer Ohrbefund, klinisch unauffallige
Trommelfellbeweglichkeit

Alter >18 bis <50 Jahre

Unterschriebene Einverstandniserklarung (die schriftiche und mundliche
Information erfolgt in der Muttersprache des Studieninteressierten)

Deutschkenntnisse ausreichend

Einschlusskriterien fur die Hyperakusispatienten (Fallgruppe)

1.
2.

Kontinuierliche Hyperakusisanamnese von mehr als 4 Wochen

Klinisch unauffalliger mikroskopischer Ohrbefund, klinisch unauffallige
Trommelfellbeweglichkeit

Alter >18 bis <50 Jahre

Unterschriebene Einverstandniserklarung (die schriftiche und mundliche
Information erfolgt in der Muttersprache des Studieninteressierten)

Deutschkenntnisse ausreichend

Einschlusskriterien fur die Vergleichsgruppe (Kontrollgruppe)

1.
2.

Kein Tinnitusleiden zum Zeitpunkt der Untersuchung und anamnestisch
Tonaudiometrische geringgradiger Horverlust bei einer Horschwelle von

maximal 40 dB

Ausschlusskriterien fur Tinnitus-/Hyperakusis und Kontrollgruppe

1.
2.

Immunsupressiva (bspw. tagliche Cortisoneinnahme)

Pulsatiler Tinnitus
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13.
14.
15.
16.
17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

Intermittierender nicht persistenter Tinnitus

Retrocochleare Horstorung (z.B. nachgewiesen durch BERA)
Horgerateversorgung

Vertigo

Z.n. Knalltrauma

Diabetes mellitus Typ | & Typ Il

Schwangerschaft

Medikamentdse Tinnitustherapie in den letzten 4 Wochen

Z.n. Ohroperationen (bspw. Tympanoplastiken, einliegende
Mittelohrimplantate, mit Ausnahme von Parazentese in der Vorgeschichte)
Tinnitus als Begleitsymptom im Rahmen einer anderen Grunderkrankung
(bspw. Akustikusneurinom oder medikamentdser Tinnitus)

M. Meniére, endolymphatischer Hydrops

Ein- oder beidseitige Ertaubung

Z.n. jahrelanger Larmexposition (C5-Senke)

Z.n. Schadel-Hirntrauma (Grad II/111)

Schallleitungsschwerhdorigkeit mit einem Horverlust von mehr als 10 dB bei
mehr als 2 Frequenzen

Chronische Gehdrgangs-oder Mittelohrentzindungen

Anamnestisch Epilepsieleiden, Parkinson und/oder dementielle Erkrankung
Anamnestisch zeitgleiche Behandlung neurologischer bzw. psychiatrischer
Storungen (bspw. Schizophrenie, Depression etc.)

Drogen-, Alkoholabhangigkeit

Eingeschrankte Nierenfunktion mit einem erhohten Kreatininwert (>160
pmol/l = 1,8 mg/dl)

Aktuell in Behandlung aufgrund eines Krebsleidens (bspw. Leukamie)
Angst vor Enge (Klaustrophobie)

Anamnestische Hinweise auf Herz-Kreislauferkrankungen (hochgradige
KHK)

Anamnestische eingeschrankte Temperaturempfindung und/oder erhdhte
Empfindlichkeit gegentber Erwarmung des Korpers

Nicht einwilligungsfahige Probanden
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28.

29.

30.
31.

Probanden, die der deutschen Sprache nicht ausreichend machtig sind, um
die Anweisungen im Rahmen der Studie und die Fragen des
Tinnitusfragebogen zu verstehen

Permanente Metallteile im oder am Korper (Herzschrittmacher, kinstliche
Herzklappen, Metallprothesen, implantierte magnetische Metallteile
(Schrauben, Platten von Operationen), Spirale, Metallsplitter/Granatsplitter,
feste Zahnspange, Akupunkturnadel, Insulinpumpe, Intraport, grof3flachige
Tatowierungen)

Kontrastmittelallergie oder Uberempfindlichkeit gegentiber Kontrastmittel
Behandlungen des Tinnitus mit Maskern, Noisern, hyperbarem Sauerstoff

oder Akupunktur <4 Wochen
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Appendix E — HKI questionnaire

Mini-Gerauschiiberempfindlichkeits-Test

Stimmt Stimmt Stimmt Stimmt
immer oft manchmal | nicht

1. Bestimmte Gerausche muss ich meiden.

2. Ich habe sehr groBe Angst vor Larm.

3. Ich argere mich iiber Gerdusche, die mir zu laut und unangenehm sind.

4. Ich glaube, ich werde meinen Alltag nicht bewaltigen kénnen, wenn die
Gerauschempfindlichkeit so schlimm bleibt.

5. Bei lauten/unangenehmen Gerauschen ziehe ich mich sofort zuriick.

6. Haben Sie wegen der Gerduschempfindlichkeit Schwierigkeiten, an ge-
rauschvollen Orten Gesprache zu fiihren?

7. Empfinden Sie Larm in manchen Umgebungen als unangenehm (zum
Beispiel in Gaststatten, Lokalen, Konzerten, bei Feuerwerk)?

8. Wenn Sie jemand bittet, mit Ihnen auszugehen (zum Beispiel ins Kino,
ins Konzert, ins Restaurant), denken Sie dann als erstes an die Schwie-
rigkeiten mit den Gerauschen?

9. Konnen Sie sich in gerduschvollen Umgebungen schlechter konzentrie-
ren, wenn Sie miide sind oder unter Stress stehen?
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Appendix F - Tinnitus-CRF

Universitats-HNO-Klinik Tiibingen
Tinnitus-CRF (case report form)

Minimaler Datensatz 1

Patient:

Datum

Horen Sie zur Zeit Ihr Ohrgerausch? Wenn ja, wo horen Sie es? Wie laut?

Tinnituslautheit Rechtes Ohr Linkes Ohr Kopfmitte
6-stellige Digitalscala

Nicht hoérbar ©) O ©)
Sehr leise ®) 0} O
Leise O o O
Mittel o o O
Laut ©) o O
Sehr laut ©) O O

Wie war die Belastigung durch den Tinnitus in den letzten Tagen?

Belastigung 8-stellige Digitalscala

1 2 3 4 5 6 7 8
keine Belastigung  sehr leicht  leicht maBig  mittel stark sehrstark  extrem

[___1Gobel-Hiller-Score
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Appendix G — Handling information for saliva samples
Handhabung der Speichelproben:

Um lhre Stresshormon-Konzentration (Cortisol) zu verschieden Zeitpunkten
bestimmen zu kdnnen, bendtigen wir Speichelproben von lhnen. Sie erhalten fur
die Entnahme zu Hause 3 kleinere Rohrchen. Die Probenentnahme soll am Tag
und am Morgen vor dem zweiten Klinikbesuch begonnen werden.

(Sollte Ihnen dies nicht moglich sein und Sie fuhren die Probenentnahme friher
durch, so bewahren Sie die Proben bitte bis zum zweiten Termin im Kuhlschrank

auf)

. Die erste Speichelprobe soll am Mittag um 16.00 Uhr angefertigt werden
o} Notieren Sie bitte auf dem Probenbehalter die Uhrzeit und das Datum
der Probenentnahme

. Die zweite Speichelprobe soll am Abend um 23.00 Uhr angefertigt
werden

o] Notieren Sie bitte auf dem Probenbehalter die Uhrzeit und das Datum
der Probenentnahme

. Die dritte Speichelprobe soll am Morgen direkt nach dem Aufstehen
angefertigt werden

o} Notieren Sie bitte auf dem Probenbehalter die Uhrzeit und das Datum
der Probenentnahme

. Bringen Sie die Proben bitte zum zweiten Besuch in die Klinik mit

. Wichtiger Hinweis zur Speichelprobe:

o} Vor den Speichelproben bitte 30 Minuten keine Nahrung und

Medikamente einnehmen, da sonst die Proben verunreinigt werden.

Probenentnahme:

- Watterolle aus dem Gefal entnehmen

- In den Mund nehmen und etwa 1 Minute lang leicht kauen

- Das Wattestabchen wieder in das Gefald zurickgeben und verschliel3en
- Schreiben Sie bitte die Uhrzeit und das Datum auf das Etikett
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Falls Sie Fragen haben sollten oder sich Uber die Probenentnahme unsicher

sind, zogern Sie bitte nicht, uns zu kontaktieren:

Benedikt Hofmeier
Tel: 07071 / 29 88240 (in der Zeit von 08.30-18.00Uhr)
E-Mail-Adresse Studie:

tinnitus.studie@hno.uni-tuebingen.de
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