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Tinnitus, the ringing or noise many people occasionally or persistently perceive in their
ears, is a multifaceted phenomenon explored across auditory, neural, and psychological
dimensions. My habilitation project aimed to craft a comprehensive understanding of this
enigmatic condition, with implications both for advancing basic scientific knowledge and
for improving therapeutic approaches.

Building upon the foundations of my previous research, the current habilitation delves
deeper into the complexities of tinnitus. It does so not just from an auditory perspective
but also from a neural and psychological one.

One of the critical takeaways from my research is the efficacy of amplitude-modulated
tone stimuli, especially around 10 Hz, in suppressing tinnitus. This discovery sheds light
on potential treatments, specifically when matched with the nature of the tinnitus: either
tonal or noise-like. Such personalized interventions could offer relief to a significant por-
tion of tinnitus sufferers, emphasizing the importance of this research.

Furthermore, the correlation between tinnitus suppression and changes in cortical neu-
rophysiology was another groundbreaking revelation. The normalization of cortical neu-
rophysiology (as evidenced by resting-state EEG) in tinnitus patients, during (acoustic)
tinnitus suppression, provides compelling evidence of the neural basis of this condition.
The habilitation encompassed several studies:

Tinnitus Matching: A rapid and reliable methodology for tinnitus matching was devel-
oped by head-to-head comparison of the most prominent existing approaches, laying the

groundwork for my further studies but also for acoustic interventions in tinnitus.



Tonal Stimulation: By deploying 10/40 Hz amplitude-modulated tones at the tinnitus
frequency, | discovered their superiority in suppressing tinnitus compared to stationary
sounds while being well-tolerated by the participants.

Noise Stimulation: The efficacy of amplitude-modulated noise around the tinnitus fre-
quency further refined the distinction between tonal and noise-like tinnitus, additionally
resulting in an individualized noise-matching method for those with a noise-like tinnitus.
Neurophysiological Correlates: A critical finding was the transient normalization to-
wards a healthy brain state reflected in resting-state EEG during tinnitus suppression,
indicating a direct connection between tinnitus and neural activity in the auditory cortex.
Further observations, such as the long-term suppression post-stimulation in about 5% of
the study sample, gender differences in response to the sounds (women seem to profit
more), and the absence of psychological predictors like personality, enrich the scope and

applicability of the findings.

Summary

Amplitude-modulated pure tone stimuli, especially around 10 Hz, result in greater

suppression than unmodulated stimuli.

Pure tones are more effective for tonal tinnitus, while noise is more effective for

noise-like tinnitus.

» Suppression is correlated with evaluation; the stimuli are well-tolerated.

Induced tinnitus suppression leads to a normalization of cortical neurophysiology

(resting-state EEG) in tinnitus patients.
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1 Introduction

1.1 Tinnitus

Subjective tinnitus is a phantom perception of a sound lacking any external physical
source [30] and becomes chronic after a continuous presence of 3 to 12 months [36].
In the remainder of this thesis, the term tinnitus refers to this particular and most preva-
lent form of tinnitus. Tinnitus is becoming more prevalent and relevant in the steadily
aging demographic [50] as it is often linked to naturally occurring presbycusis [79, 32].
Moreover, tinnitus seems to affect all age groups, putatively linked to lifestyle choices
(e.g., in-ear headphones and high sound levels in music listening), as seen in recent
studies with adolescents [63]. Currently, tinnitus is reported by about 70 million people
in the EU alone [3]. In more detail, prevalence rates reported span from 12% to 30%
[37] with about 1-2% suffering immensely under the condition [30]. Societal impact and
health costs of tinnitus are considerable, as tinnitus may lead to disrupted functional
(e.g., perceptual disorders like decreased speech comprehension [43, 24] or impaired
auditory stream segmentation and/or sound localization [22]), reduced emotional health
and well-being (affective disorders like depression and anxiety, sleep disturbances, so-
cial isolation), and in consequence reduced quality of life [30]. Tinnitus may thus also
influence productivity at work and even can lead to complete disability in extreme cases
[9].

Currently, the purely phenomenological definition of tinnitus (i.e., auditory phantom per-
ception in the absence of an external source) is revised and dichotomized as auditory
phantom sound vs. tinnitus-related distress or simply ‘tinnitus disorder’ [60]. This newly
proposed definition reflects the insights of the tinnitus research community from recent
years and enables more specific basic as well as clinical research. Notably, this is also
reflected in respective outcome measures in tinnitus research: Basic, especially audi-
tory, research is focused on tinnitus loudness or presence (i.e., the auditory phantom

percept [41], 45]), whereas clinical research rather focuses on changes in tinnitus dis-



tress scores (i.e., emotional and cognitive aspects of the tinnitus disorder [76, 75, 46])
assessed by tinnitus questionnaires (e.g., [49, 15, 40]). In the research presented in
the thesis at hand, there is a clear focus on the auditory phantom percept aspect of
tinnitus.

Tinnitus, in most cases, is caused by hearing loss, either objective [28, 5] or ‘hidden’
[33, 87, 65], and triggers maladaptive plasticity in the auditory pathway and brain lead-
ing to the phantom sound perception [25, 70, 58]. The tinnitus sensation usually is heard
as a tone or noise at a frequency between 3-8 kHz [66, 73, 47, 44], mostly bilaterally in
the two ears or with a slight preference to one ear [34]. Tinnitus loudness, pitch, and lat-
erality are the main auditory, or acoustic, tinnitus parameters of interest [18]. Moreover,
the tinnitus (minimum) masking level and temporary acoustic suppression are further
relevant auditory aspects of tinnitus [62, 10, 45, 47, 67, 48]. The phenomenon of RI
[61] is especially helpful for the study of basic mechanisms as the perception of tinnitus

can be actively manipulated.

1.2 Acoustic stimulation, tinnitus suppression, and neural corre-

lates

The phenomenon of short-term tinnitus suppression following acoustic stimulation was
first observed over 100 years ago [77]. It was later defined as ‘residual inhibition’ (RI)
and can be observed in 50-90 % of tinnitus sufferers, whereby depth and duration of
suppression patterns vary among individuals [82, 61, 62, 45, 47, 67]. Different acoustic
stimuli have been applied to induce TS ever since. Stimuli range from simple broad-
band noise or pure tones to specifically filtered or modulated sounds [80, 59, 20, 62, 45,
47, 67]. These acoustic stimuli share communalities and exhibit differences in various
acoustic parameters, most critically the frequency dimension and the temporal dimen-
sion [52, 45, 8]. Derived insights from these studies furthermore suggest that stimu-

lation intensity, duration, specific stimuli modulations or modifications, and especially



stimuli covering the individual tinnitus frequency [64] facilitate tinnitus suppression in a
parametric fashion.

Little is known about the basic neurophysiological processes behind RI [61], especially
on the cortical level in humans. Despite the prospect of acoustic tinnitus suppression
or Rl to better understand mechanisms behind tinnitus, there is only a handful of ex-
perimental studies which investigated brain activity during RI. Reduced (spontaneous)
firing rates of neurons after acoustic stimulation in the central auditory pathway including
the inferior colliculi are theorized to play a key role in RI [11, 10]. Unfortunately, these
studies present animal data which lacks validation in human subjects, which currently
is impossible to obtain given (non-invasive neurophysiological) measurement methods
in humans as well as the translational gap between animal and human models of tin-
nitus. With the help of magnetoencephalography an increase in low frequency spec-
tral power was observed during RI in a single subject [29]. Contrary to this observa-
tion, single-subject intracranial local field potential electroencephalographic recordings
showed a reduction of low frequency activity in the auditory cortex during RI. These
tinnitus-related low frequency oscillations also interacted with alpha, beta and gamma
activity [71]. Beyond that, tinnitus intensity during RI was shown to be connected to
delta, theta and gamma oscillatory activity in the auditory cortex [72]. [26] evaluated
neuromagnetic activity in 10 tinnitus patients experiencing RI, defined as 50% of tinni-
tus loudness reduction for 30 seconds after stimulation offset. A significant reduction of
delta activity in temporal areas was observed during RI, whereas the gamma band was
not affected. Currently, it can be concluded that there is convergent evidence of the
neural correlates of Rl and that this evidence can be considered an inversion of mal-
adaptive brain activity patterns in tinnitus [85, 86]. This consideration would thus imply
that through acoustic stimulation and resulting Rl chronified maladaptive tinnitus-related
brain activity might be reversible, at least for the duration of the suppression. Notably,
this reversal pattern has been found consistently for the delta frequency band whereas

evidence for the alpha band is missing. Alpha band oscillations putatively play a cen-



tral role in tinnitus inhibition and auditory perception in general [84]. Overall, given the
different study designs, measurement and analysis methods, sample sizes (often very
small sample sizes and case reports), responder rates, and tinnitus heterogeneity, the
evidence is not yet conclusive and generalizable. Most importantly, current research is
unable to disentangle tinnitus-specific effects from unspecific effects of acoustic stimu-
lation, which calls for large-scale, well-controlled studies comparing tinnitus patients to
healthy controls. Translational aspects like suitability for treatments, be it sound ther-
apies, neuromodulatory, or even their combination, have to be thoroughly examined
[21, B9].

In the remainder of this thesis, applied methods are briefly introduced, presented orig-
inal work summarized and finally discussed in respect to future directions in tinnitus

research.

2 Methods

2.1 Audiometry, tinnitometry, and acoustic stimulation

Audiometry and tinnitometry data is mandatory to describe tinnitus populations, and
even more important as a confounding factor in experimental design or data analysis
of tinnitus research. Tinnitus is tightly linked to hearing loss in most cases [6]. For
the research presented in this thesis, hearing loss assessment is critical to creating
the acoustic stimuli, which have to be leveled regarding the sensation level at certain
frequencies. Furthermore, it is also a selection criterion for study populations where 60
dB hearing loss should not be surpassed in some frequencies to be able to stimulate
with e.g. 60 dB above sensation level without hitting hardware and safety limits.

Pure tone audiometry is a widely used method to check the hearing status of single
frequencies, usually spaced in half-octave steps, over the whole range of the audible

spectrum [23]. This method was applied in the presented studies with a calibrated au-



diometer (Madsen Midimate 622D; GN Otometrics, Denmark) and audiometry-grade
Sennheiser HDA 2000 headphones (Sennheiser, Germany). In the last study, audiom-
etry was performed with a custom-built system using Matlab (Matlab R2017a; Math-
works, USA), a modified MultiThreshold toolbox (University of Essex, United Kingdom)
with a single-interval adaptive procedure [31, 12], ER-2 Insert Earphones (Etymotic
Research Inc., USA) together with an external soundcard (RME Fireface UCX; Audio
AG, Germany). This custom system can test audiometric frequencies above 8 kHz and
perform acoustic stimulation without electromagnetic artifacts in the electroencephalog-
raphy (EEG) signal.

Tinnitometry was performed by adhering to the ‘Tinnitus Tester’ workflow [62] with some
modifications in subtests and stimulus material. First, it was decided on which ear(s)
the tinnitometry should be conducted. Usually, it is assessed on the contralateral ear
to the tinnitus perception or in the better hearing ear in the case of bilateral tinnitus.
Second, a reference tone was set to a comfortable level and then manipulated in fre-
quency to match the perceived tinnitus frequency. Third, the loudness was adjusted
to match the perceived tinnitus loudness after the frequency matching had been com-
pleted. Finally, the resulting sound was checked for octave confusion by presenting
the sound one octave above and below the tinnitus frequency. More details of this
method of adjustment tinnitus pitch matching can be found in the original manuscript
of study 1 [44]. Details of software and hardware (e.g., matching controller devices or
headphones) partly vary between presented studies while the professional soundcard
(RME Fireface UCX; Audio AG, Germany) was used in all of the studies. All systems
were tested and calibrated to ensure reliable measures.

Acoustic stimulation in tinnitus can be subdivided into three major branches. Tinnitus
masking [16], acoustic tinnitus suppression or Rl [61], and sound therapies building on
acoustic ‘neuromodulation’ (e.g., [54, 78]). As seen in the section above, the studies
presented in this thesis mainly investigated short-term acoustic tinnitus suppression or

RI with a prospect towards a sound therapy.



Stimuli were created with basic Matlab functions according to individual parameters
(i.e., tinnitus frequency, sensation level, and filter parameters). Depending on the study,

they were then presented using the respective software and hardware setups.

2.2 EEG neurophysiology

EEG for application in humans was invented about 100 years ago [1] and was the first
non-invasive method to study the neurophysiology of the brain. EEG records an elec-
trogram of the electrical activity with multiple electrodes on the scalp using a differential
amplifier (i.e., differences in voltages of recording electrodes to a reference electrode).
The recorded electrical activity reflects macroscopic activity of neuronal populations
in the underlying brain tissue [42]. EEG paradigms are either event-related, measur-
ing multiple responses to external stimuli, or resting state, recording continuous ac-
tivity of the brain in the absence of any (repeated) stimulation. Recorded data can in
both cases be analyzed regarding band power in defined frequency bins, namely delta,
theta, alpha, beta, and gamma, which are attributed to general physiological arousal
states, but also to specific functional processes. Building on biological concepts of self-
organization and energy efficiency, it is theorized that these omnipresent oscillations
are organized in a hierarchical interlocked oscillator array to control bodily and cerebral
functions [27].

In the final study presented in this thesis, a BrainAmp DC EEG system, an EasyCap
electrode cap with 64 electrodes, and Brain Vision Recorder 1.20 software (Brain Prod-
ucts GmbH, Germany) were used. Resting state data recorded before, during, and after
acoustic stimulation was analyzed with multitaper frequency transformation ‘mtmfft’ in
the Matlab toolbox ‘Fieldtrip’ [53] to create a frequency spectrum in single Hz steps
covering the different frequency bands. Resulting frequency spectra were then also
projected into a template brain volume to localize effects within the brain using the dy-

namic imaging of coherent sources approach [13]. Finally, statistics were performed



on the scalp level and the brain volume level using cluster permutation methods imple-

mented in Fieldtrip.

3 Synopsis

3.1 Study 1: Comparing Three Established Methods for Tinnitus
Pitch Matching With Respect to Reliability, Matching Duration,

and Subjective Satisfaction

Neff, P, Langguth, B., Schecklmann, M., Hannemann, R., & Schlee, W. (2019). Trends in
hearing, 23(3), 2331216519887247.

In order to study tinnitus in general as well as specifically design stimuli for acoustic
stimulation, tinnitus matching is key. To this day, no consensus on standard procedures
are established and various methods are presently used in laboratory or clinical practice
7).

The aim of this study was to compare the most established matching methods with re-
spect to reliability of tinnitus matchings, subjective satisfaction with the matched tone,
and time to completion. Three methods were compared head-to-head in a between-
subject design with 3 matched groups (n=59). Two methods used algorithm-driven
methods (i.e., method of likeness fitting a tinnitus probability spectrum by presenting
participants with random tones, which have to be rated with respect to their likeness to
pitch and loudness of the perceived tinnitus [51]; two-alternative forced-choice method
narrowing down a bracket of 2 differently pitched sounds converging on a final tinnitus
frequency [56]), and an user-driven method of adjustment, where participants adjust
the tinnitus pitch with knobs and sliders on hardware device [19]). Commercial soft-
ware and hardware were used for the two-alternative forced-choice method whereas
custom apparatus was developed for the other two methods. Participants in each group

performed 5 runs of tinnitus matching, completed tinnitus-related questionnaires and



underwent standard pure tone audiometry.

Results showed good reliabilities for all methods in various measures, most impor-
tantly the intraclass correlation coefficient, and end points of the confidence intervals
extended between fair and excellent intraclass correlation coefficient values. Looking at
completion time, participants learned to perform the matching faster in the last of the five
runs compared to the first in all methods. The likeness method overall resulted in longer
completion times, which is mostly inherited to the applied algorithm which requires a lot
of repeated ratings of a large search space. Finally, satisfaction with matching results
were high (above 8 out of 10) for the likeness and adjustment method for all runs, but
not for the forced-choice method. As with the limitation of the likeness method with
respect to completion time, the head-to-head comparison between methods is limited
here by inherent features of the matching algorithms.

Overall, tinnitus matching could be completed with good reliability, within reasonable
time frames (i.e., under 1 hour with 5 runs of matching and audiometry), and with high
satisfaction ratings. The sample size in this study is considerably larger compared
to most previous studies, which solidifies found reliabilities and differences between
methods. Given the results and insights from this study, a combined approach was
developed where the search space of tinnitus pitch is reduced by stepping from pure
tone audiometry to likeness method. From the latter, the most likely tinnitus pitch is se-
lected and fine-tuned with the method of adjustment. The two-alternative forced-choice
method is considered redundant in this framework, but could be added to evaluate the

result of the combined approach.
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3.2 Study 2: Comparison of Amplitude Modulated Sounds and Pure
Tones at the Tinnitus Frequency: Residual Tinnitus Suppres-

sion and Stimulus Evaluation

Neff, P, Zielonka, L., Meyer, M., Langguth, B., Schecklmann, M., & Schlee, W. (2019). Trends
in hearing, 23(1), 2331216519833841.

Temporary tinnitus suppression following acoustic stimulation or Rl has been studied
for many years mostly using noise stimuli. Pure tone stimuli or modulated sounds have
not been subject to these studies until very recently. Former studies tested several
sounds, including pure tones and noises, with 40 Hz modulations in the amplitude and
frequency domain, and showed larger suppression effect with these more complex tai-
lored acoustic stimuli [59, 80]. Stimuli were not matched to the tinnitus frequency but
were presented in several frequency bins also spanning tinnitus frequencies. In 2017, |
published a study with a similar approach with the critical expansion of stimuli matched
to the tinnitus frequency and the focus on 10 Hz amplitude modulated sounds [45].
In synthesis of these previous works, it was established that the most efficient sup-
pression sounds are amplitude modulated pure tones in or at the tinnitus frequency.
In consequence, this stimulus class was systematically tested in the here presented
within-subject design study (n=29).

Stimuli were matched to the tinnitus frequency rendering the frequency of the stimuli to
a fixed factor of the experimental manipulation. The other stimulus parameters, namely
(amplitude) modulation rate and presentation level (i.e., loudness), were manipulated
to test for differences between modulation and presentation level regimes. Modulation
rates of 0, 10, and 40 Hz were applied with 0 Hz being the control condition. Presen-
tation levels were manipulated with 60 dB above the sensation level at the frequency
closest to the matched tinnitus frequency, 6 dB above the minimum masking level of
tinnitus, and -6 dB below the sensation level serving as the inactive control stimulus.

Sounds were presented for 3 minutes and the tinnitus loudness level compared to the
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normal level before stimulation was rated every 30 seconds after stimulus offset. These
loudness scores are the main outcome variable of the suppression whereas the valence
and arousal ratings were also assessed for each of the stimuli [2].

Results partly confirmed the hypotheses, while not all statistical contrasts reached sta-
tistical significance or survived correction for multiple comparisons. This may be mostly
due to a misfortunate order effect, which was present in the data even in the presence
of active measures in the experimental design to counteract possible order effects. The
issue was transparently reported and discussed in the article. Still, the results are in line
with former findings and in essence confirm the hypothesis that 10 Hz amplitude mod-
ulated sounds at loud presentation levels surpass unmodulated sounds at the same
or other presentation levels. Moreover, the hypothesized pattern of descending depth
of tinnitus suppression following stimulus manipulation was also reflected by ratings of
valence and arousal. The 10 Hz amplitude modulated sound was better tolerated at
both presentation levels than its unmodulated pendant whereas no differences were
observed in the arousal ratings. The prima facie absence of any comparable effect
of the 40 Hz amplitude modulated sound is mostly explainable by the high modulation
rate which is psychoacoustically close to a tone perception while 40 Hz stimuli gener-
ally generate the most pronounced neurophysiological responses in the central nervous
system [57].

This was the first study to systematically investigate modulated pure tones at the tin-
nitus frequency regarding their suppressive potential. Theory and hypotheses were
mostly supported by the data with clearly identified limitations. Most importantly, the
10 Hz sounds were rated more comfortable and suppressive than other sounds which
qualifies this stimulus category to be applied to further study residual inhibition stimulus
parameters but also putative therapeutic approaches. Notably, the approach has re-
ceived attention and distribution in online self-help communities and was implemented

into a tinnitus app f in consultation with the author of this treatise, who also supervised

"https://apps.apple.com/us/app/tinnitusplay/id1485397051

12


https://apps.apple.com/us/app/tinnitusplay/id1485397051

the implementation of tinnitus matching, hearing test, and overall scientific accuracy of
the functions of the app. Following a natural progression through the parameter space
of this line of acoustic stimulation research, future studies should investigate different
carrier sounds (i.e., noise or natural/musical sounds) and tone frequencies. The same
is true of modulation rates or even modulation types (e.g., frequency vs. amplitude

modulation).

3.3 Study 3: Amplitude Modulated Noise for Tinnitus Suppression

in Tonal and Noise-Like Tinnitus

Schoisswohl, S., Arnds, J., Schecklmann, M., Langguth, B., Schlee, W., & Neff, P. (2019).
Audiology & Neurotology, 24(6), 309 — 321.

As mentioned before, temporary tinnitus suppression following acoustic stimulation or
Rl is traditionally induced by noise stimuli [61]. Tinnitus itself mostly manifests as (pure)
tones or narrow-band noise with a sharply tuned central frequency whereas fewer indi-
viduals report their tinnitus as (broadband) noise. Little is known about the efficacy of
differential acoustic stimuli or carrier sounds in the latter subtype of tinnitus. The current
paradigms of masking and RI in tinnitus assume broadband noise (i.e., white noise) to
be most effective for the most common subtype of tonal tinnitus. No systematic investi-
gation has been performed to test these assumptions by comparing noise stimuli on the
subtypes of tonal and noise-like tinnitus. Furthermore, modulation of noise stimuli has
not been studied in any of these subgroups to this day. In addition, tinnitus matching
of noise-like tinnitus has not been investigated in a focused way except in a matching
study not specifically targeted at the noise-like subgroup [20]. Taken together, the study
was deviced to address these unresolved issues, especially with respect to the efficacy
of amplitude modulated noise stimuli and their efficacy in tonal vs. noise-like tinnitus.
Akin to previous own studies, participants with tinnitus were recruited and underwent

comprehensive audiometry, tinnitometry, and psychometry before partaking in the ac-
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tual experimental procedure of acoustic stimulation (n=29). Stimuli were designed to
manipulate amplitude modulation and filtering of noise whereas the presentation level
was fixed at 60 dB above sensation level. In more detail, broadband noise (i.e., white
noise) was amplitude modulated with 0, 10, and 40 Hz, and a second stimulus class was
established with individually matched noise spectra around the center tinnitus frequency
with the same modulation rates as the broadband noise stimulus class. Participants
with tonal tinnitus were presented filtered noises with a one octave bandwidth whereas
participants with noise-like tinnitus were presented with bandpass-filtered noise stimuli
with individually matched bandwidths. All participants were additionally stimulated with
the broadband stimulus class.

No differences were found between the two stimulus classes of broadband and filtered
noise as well as between modulated and unmodulated stimuli. This pattern is also
reflected in the valence and arousal ratings of the stimuli where no differences were
found except overall better tolerance for the single control sound at lower presentation
levels. On the other hand, a pronounced difference was identified between the group
with tonal tinnitus vs. the group with noise-like tinnitus, especially at the time point of
maximal suppression right after stimulus offset.

The absence of differences between modulated and unmodulated noise sounds came
as a surprise, but has to be framed with respect to the novelty of the unstudied ap-
proach. Noise itself covers not only a wide range in the audible frequency spectrum
with no frequency selectivity, it also comprises all frequencies in the modulation spec-
trum. Therefore, neither the manipulation of the noise bandwidth around the tinnitus
frequency nor the amplitude modulation may have introduced sufficient specific signal
alteration to induce expected effects. The inherent properties of noise stimuli may thus
limit the line of research with modulated sounds to induce RI. Interestingly, missing dif-
ferences in valence or arousal ratings of the stimuli complement the behavioral acoustic
suppression results and thus are in line with the observed overlap of suppression and

stimuli ratings in the former studies [45, 47]. Of special note, participants with noise-
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like tinnitus could not reliably match their tinnitus or center frequency of noise which
further limits the specificity of putative effects. Nevertheless, the study at hand clearly
shows a preference for noise stimulation in individuals with noise-like tinnitus whereas
individuals with tonal tinnitus seem to profit more from tonal stimuli as also seen in
the previous own studies. This insight might transcend the current state of knowledge
which upholds that noise stimulation is optimally effective for all kinds of tinnitus in-
cluding the widespread tonal tinnitus. The exploratory novel line of research here calls
for further iteration to both better understand the phenomenon of Rl in general and to
elucidate differences in the tinnitus subtypes, also with respect to future individualized

treatments.

3.4 Study 4: Neurophysiological correlates of residual inhibition

in tinnitus: Hints for trait-like EEG power spectra

Schoisswohl, S., Scheckimann, M., Langquth, B., Schlee, W., & Neff, P. (2021). Clinical Neu-
rophysiology, 132 (7), 1694-1707.

The neurophysiological underpinnings of Rl or general tinnitus suppression are not well
studied. Current models consider RI to be triggered by feedforward inhibition in the
auditory system in or around the stimulated frequencies [61]. Based on animal data, it
was further proposed that RI may be generated in the inferior colliculus where it was ob-
served that acoustic stimulation suppresses spontaneous firing rates theorized to reflect
the maladaptive hyperactivity leading to the tinnitus perception [10]. While the former
theory rather focused on cortical mechanisms, the latter hypothesis can be interpreted
as forward masking on a subcortical level. Given that subcortical neurophysiology is
currently inaccessible with human neuroimaging techniques, research is constrained
to behavioral and cortical measures or putative proxies of subcortical activity. A single
study on the group level can be reported with magnetoencephalography [26] whereas

RI research has not been attempted with magnetic resonance imaging (MRI) to this
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day. The former study reported a decrease of low frequency oscillatory activity in the
delta band during RI, which partly constitutes a reversal of the maladaptive neural sig-
nature of elevated delta activity and reduced alpha activity [85]. Single case data [29]
and single case intracranial data [71] is in further support of this finding. Finally, the
absence of any findings in the alpha and gamma band, central to auditory processes
and possibly tinnitus inhibition in the case of the alpha band [84], is puzzling. In conse-
guence, an increase in alpha and a decrease in gamma as well as delta band activity
during RI were hypothesized for the study presented here. The aim of this study was
to replicate and extend former findings with the addition of different noise stimuli, elec-
troencephalography, and a clinical cohort of tinnitus patients (n=45) [68].

The paradigm was similar to the former studies presented here with the addition of EEG
recordings before, during, and after acoustic stimulation. Besides broadband noise,
bandpass-filtered and band-stop-filtered noise around the tinnitus frequency were pre-
sented to the participants at 65 dB above sensation level. This explorative stimulus
manipulation was hypothesized to generate different suppression depths where the
band-stop-filtered noise also exerts lateral inhibition around the tinnitus frequency in
the tonotopic strip of the primary auditory cortex.

The band-stop-filtered noise surprisingly resulted in lower tinnitus suppression than
the other 2 stimuli, which might have been again reflected by related valence (and
partly arousal) ratings of the stimuli. The electrophysiological analysis was constraint
to Rl responder to non-responder contrasts in sensor (i.e., scalp electrodes) and source
space within the brain (i.e., source estimation of peak effects on the sensor level). Here,
it was found that alpha activity was increased and gamma activity decreased during RI
in the responder group which is in line with hypotheses and theory thus constituting a
possible reversal of the maladaptive neural signature of tinnitus on the cortical level.
This study is a critical contribution to the study of Rl and suppression or manipulation of
the tinnitus perception. It was the first study which could demonstrate the involvement

of (inhibitory) cortical alpha activity in the generation and/or maintenance of tinnitus in
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real-time by manipulation of tinnitus presence. Notably, effects are solid, pronounced,
and stable, even though the responder analysis considerably lowered the number of
participants per group. The solid effects are furthermore reflected by relatively accurate
source estimation in the primary auditory cortex. This localization, even to the level of
primary auditory cortex or Heschl’ gyrus, further corroborates the theory that this locus
is a central and first cortical relay station of ascending maladaptive neurophysiology in
tinnitus. Change of activity in this locus may be sufficient to completely suppress tinnitus
which also generates implications regarding targets or outcomes of neuromodulatory
interventions. Given some limitations of this and previous studies like the absence
of correlations between changes in loudness and neurophysiology, further research is

warranted to replicate and extend these findings.

4 Conclusion and future directions

The articles presented in this cumulative thesis represent (parts of) an iterative line of
research concerned with aspects of acoustic tinnitus suppression.

Looking at acoustic or sound therapies for tinnitus, the last two decades produced a
manifold of approaches all of which did not produce sufficient evidence in clinical ef-
ficacy. Therefore, no recommendations for the use of any of these sound therapies
currently exist from expert consensus (e.g., [4, 74]). The approaches were generally
rushed and partly directly ran uncontrolled clinical trials before assessing the sound
therapies’ concepts and parameters in basic research experiments. More refined ap-
proaches targeted putative maladaptive neuroplastic alterations of the auditory system
largely based on animal models [52]. These approaches aimed at stimulation of fre-
quencies around the hearing loss edge or the tinnitus frequency, thus mostly focusing
on the frequency domain of the acoustic parameter space. While most of suggested
methods of sound therapies did not produce more than singular pilot studies, two ap-

proaches have a considerable track of research including neurophysiology and clinical
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trials [54, 78]. Nevertheless, after more than 10 years of focused research, neither of
these approaches could produce sufficient evidence while sound therapy parameters
are constantly updated by the authors. In both cases, there are even commercialized
versions available and they are widely implemented in current mobile apps [39, 38].

Besides these fundamental issues in basic and clinical research, further aspects of
acoustic tinnitus suppression may help to better understand the inconclusive state of
research. First, a bias for more pronounced tinnitus suppression in female participants
was observed in the presented studies. This finding has been specifically analyzed in
a dedicated publication [55]. It was shown that women are especially more respon-
sive to the modulated stimuli class. Further research is warranted here to elucidate
the neurophysiological mechanisms of action differentiating between sexes. Second,
psychopathological aspects of tinnitus disorder could play a role in the interindividual
differences of suppression patterns. In line with related own research [75], we assessed
personality traits in two of the presented studies here [47, 67]. It was hypothesized that
the personality trait openness may modulate tinnitus suppression positively whereas
neuroticism may have a negative effect on tinnitus suppression [14]. In order to investi-
gate if these putative effects are linked to the rating of the stimuli, statistical models were
also applied to predict rating scores of valence and arousal. No effects were found for
the pooled sample of n = 69 participants which led to the conclusion that suppression
effects may be primarily driven by biological factors. Third, the phenomenon of pro-
longed tinnitus suppression or Rl has been anecdotally reported in previous research
while it was never systematically assessed and discussed. Given the occurrence of this
phenomenon throughout the studies presented here, cases from 4 studies were pooled
and cases with prolonged suppression (i.e., full suppression longer than the stimula-
tion time) [48]. Of special note, participants with prolonged suppression were excluded
from the original studies given that they could not complete the study procedures. From
the pool of 130 unique individuals, 6 individuals reported prolonged suppression which

equals a rate between 3% and 7% of cases in each of the studies. 4 out of the 6 cases
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were female which is in line with similar findings of better suppression in the female
tinnitus population. Given the exclusion during the experiments, further patterns are
not accessible with the current data and thus no valid statements can be produced with
respect to the stimuli inducing this phenomenon (stimuli presentation was randomized
for all participants and the first presented stimulus induced prolonged suppression in 4
out of the 6 cases). Furthermore, no hints were found in the audiometric, tinnitometric,
and psychometric data available. The observed phenomenon of prolonged tinnitus sup-
pression after short-term acoustic stimulation should therefore studied systematically
with individuals experiencing it, also in respect to individual treatment options. Taken
together, these additional aspects of the presented line of research pave the way for
further insightful research and subtypization of the heterogeneous tinnitus population.
Looking ahead, | am convinced that the study of acoustic tinnitus suppression and pos-
sible sound therapies should be carefully performed in two complementary and conver-
gent modes. First, basic research should be performed in a more rigorous, iterative, and
transparent manner to ensure reliability and validity of found effects. This urge certainly
also reflects ongoing concerns of replication crisis in human empirical sciences [35] and
calls for open or reproducible science in general [83]. In more detail, this strategy entails
careful selection of methods (e.g., [81]) and outcome measures (e.g., [7]), which should
also be kept up to date with current state of the art in scientific fields involved in tinnitus
research. The own line of research is continued with a focus on the critical differenti-
ation between non-specific effects of acoustic stimulation and tinnitus-related specific
effects of acoustic tinnitus suppression. Applying the established behavioral acoustic
stimulation paradigm, neurophysiological EEG and structural MRI data has therefore
been collected from tinnitus patients and healthy controls. The major novel aspects of
this research are the inclusion of a matched control group and the deployment of poly-
modal neuroscientific methods to further elucidate structure and function of the brain
related to RI (in prep.) Second, acoustic research in tinnitus, especially on the behav-

ioral level, should be scaled massively and performed with contemporary technology.
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Acoustic stimulation is highly mobile and can be performed on different devices with
manageable efforts in development. This scaled and distributed research approach
would enable researchers to surpass current limitations of resourceful lab work and
small sample sizes. The latter is especially important with regards to meaningful statis-
tics and better subtypization efforts of tinnitus (suppression). Most importantly, it would
allow to test a large variety of sounds in a single framework rather than to rely on a se-
ries of effortful lab research. In this spirit, | already developed an exhaustive system of
relevant sounds along the dimensions of natural vs. artificial sounds, tinnitus frequency
vs. non-tinnitus frequency, spectral complexity, temporal modulation, order and disor-
der (i.e., entropy), and sound energy over time. Building on this system, | selected
and programmed a preliminary set of 64 sounds which cover all of these dimensions
B. These sounds are currently used in a large-scale multi-center clinical trial B as iOS
and Android apps called ‘Shades Of Noise’ # . The apps also allow for control and
tracking of presentation levels as well as customizing various sounds with respect to
the tinnitus frequency. Furthermore, usage tracking of app activity allows for more de-
tailed insights in usage patterns and sound preferences which generates rich big data
for in-depth analysis. In short, the proposed mode of research may render classical lab
research obsolete by saving time as well as increasing the amount and depth of data
considerably. It would also allow for participant selection for lab studies to discover bio-
logical phenotypes (e.g., neurophysiology) in the tinnitus population. Given the novelty
of the approach and related research, current challenges or limitations still have to be
identified and addressed.

Taken together, the line of research presented here, ongoing studies and analyses, and
finally the future directions laid out in this final paragraph might eventually lead to major

progress in the understanding and treatment of tinnitus.

’https://tinyurl.com/2een728p

Shttps://uniti.tinnitusresearch.net/
“https://apps.apple.com/de/app/shades-of-noise/id15061597097platform=iphone,
Shttps://play.google.com/store/apps/details?id=com.dbis.haugxhaug.shadesofnoise
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Abstract

The pitch of tinnitus sound is a key characteristic that is of importance to research and sound therapies relying on exact
tinnitus pitch matches. The identification of this tinnitus pitch is a challenging task as there is no objective measurement
available. During the tinnitus pitch-matching procedure, the participant identifies an external sound that is most similar to
the subjective perception of the tinnitus. Several methods have been developed to perform this pitch-matching procedure
with tinnitus sufferers. In this study, we aimed to compare the method of adjustment, the two-alternative forced-choice
(2AFC) method, and the likeness rating (LR) with respect to reliability, matching duration, and subjective satisfaction. Fifty-
nine participants with chronic tinnitus were recruited and performed five consecutive runs of tinnitus matching. The
participants were randomized to the three different pitch-matching methods. The intraclass correlation coefficients were
.67 for method of adjustment, .63 for 2AFC, and .69 for LR, which can be interpreted as good reliability for all the three
methods. However, the 2AFC method revealed significant larger within-subject variability than the other measures. Across
the five runs and the three different methods, all participants learned to perform the pitch matching faster and with better
self-rated accuracy. Comparing the three pitch-matching methods, LR is more time consuming and the participants were less
satisfied with the 2AFC method. Overall, the three pitch-matching methods show good reliability. However, we identified
differential aspects for improvement in all methods, which are discussed in this article.
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Introduction L . -
the subjective description of the participant that matches

the perceived tinnitus to an external sound as precisely as
possible.

Tinnitus is the conscious perception of a sound in the
absence of any physical source. It is estimated that about
5% to 15% of the population is chronically affected by
tinnitus (Hoffman & Reed, 2004). This tinnitus sound is
often described as a tone or noise with specific spectral

characteristics that can be unique for each individual
participant. Moreover, it has been shown that the per-
ception of tinnitus can fluctuate in various situations and
environments (Probst, Pryss, Langguth, & Schlee, 2016;
Schlee et al., 2016). Currently, there is no objective mea-
surement available that can determine the individual
sound characteristics of the tinnitus. The assessment of
the tinnitus sound characteristics has therefore to rely on
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A precise matching of the tinnitus sound is not only
an important measure for the research toward a better
understanding of the general and neuronal mechanisms
underlying the tinnitus perception but also a key mea-
sure that enables well-adjusted individualized sound
treatments to suppress or reduce tinnitus sound percep-
tion. In the recent years, research on sound therapies (for
a review, see Searchfield, Durai, & Linford, 2017) and
basic research on the temporary suppression of tinnitus
(Fournier et al., 2018; Neff et al., 2017; Roberts, Moffat,
Baumann, Ward, & Bosnyak, 2008) have steadily
increased. Approaches relying on tinnitus pitch in both
research branches are in need of a precise and reliable
matching of the individual tinnitus pitch.

In parallel to these developments, studies on the
methodology of tinnitus pitch matching have become
steadily more numerous continuing to this day. Some
of these studies merely applied standard audiometric
methods (i.e., demonstration of hearing-relevant fre-
quency sets) to assess tinnitus pitch—a practice
which is still widespread in clinical routine and also gen-
erating data for concurrent studies (e.g., 31; Gollnast
et al., 2017).

Besides and after this audiology-guided area of tinni-
tus pitch matching, the method of adjustment (MOA)
emerged. In short, MOA methods allow for mostly
user-controlled adjustment of the central parameters of
tinnitus pitch and loudness. These parameters are con-
trolled by mostly knob and slider and to a lesser degree
button or graphical user interface (GUI) interaction.
Instructions were mostly given beforehand or on-
screen in the case of GUIs (e.g., Henry, Rheinsburg, &
Ellingson, 2004b; Henry, Rheinsburg, Owens, &
Ellingson, 2006; Tyler & Conrad-Armes, 1983).

Contrary to this wuser-guided method, other
approaches have been developed where the loudness
matching is taken care of algorithmically, usually pre-
cursing the tinnitus pitch matching of the predefined
target frequencies. The two-alternative forced-choice
method (2AFC; see Penner & Bilger, 1992) and the like-
ness rating (Norena, Micheyl, Chéry-Croze, & Collet,
2002; Roberts, Moffat, Baumann, Ward, & Bosnyak,
2006) approach are the most important examples for
this algorithm-guided methodology. Following the prin-
ciple of the 2AFC methodology, there are two sound
examples presented to the participant who is then
forced to pick one of the two examples, that is, more
similar to the subjectively perceived tinnitus. After the
participant has made the decision, a new pair of sound
examples is played, and the participant has again to
decide which example is more similar to the tinnitus.
The sound examples are chosen in a way to narrow
down the search interval to a frequency range that
comes close to the individually perceived tinnitus
sound with a small number of reversals. The algorithm

for defining these sound examples underwent several
modifications in the following years by different research
groups. In the end, optimal step size for the central fre-
quency domain emerged to be around 100 Hz (or 1/12
octave =1 semitone when adjusted for the nonlinearity
of physical frequencies behind musical scales or human
auditory pitch perception; e.g., 56, Wunderlich et al.,
2015).

As another algorithm-guided tinnitus pitch-matching
methodology, two research groups independently intro-
duced the method of rating standard audiometric fre-
quencies for its contribution (i.e., likeness or similarity)
to the perceived tinnitus (Norena et al., 2002; Roberts
et al., 2006). The rating of likeness was performed not
only on a 0-10 scale in subsequent studies (Basile,
Fournier, Hutchins, & Hébert, 2013; Fournier &
Hébert, 2012; Hébert & Fournier, 2017) but also on a
percent scale (Hoare, Edmondson-Jones, Gander, &
Hall, 2014; Roberts et al., 2008). Beyond that, the
rating on the percent scale almost exclusively was per-
formed in decades (e.g., 10%, 20%, or 90%). In the
study of Norena et al. (2002), LR and the absolute hear-
ing thresholds were overlayed and the authors observed
a relationship between the shapes of both curves in that
regions with the most pronounced hearing loss coincide
with elevated level of tinnitus pitch likeness. The advan-
tage of the LR can be seen in its ability to depict the
tinnitus pitch likeness over the whole relevant frequency
spectrum, thus giving an array of probabilities, instead
of narrowing down the tinnitus pitch to a single frequen-
cy as performed in MOA or 2AFC. Still, while the LR
method implicates that there may be no relation between
the tinnitus pitch likeness, the method could be used to
narrow down the search space to identify the tinnitus
pitch (Norena et al., 2002) or even extract pitch matches
from the LR results (Hébert, 2018).

Evaluating the LR method, Hoare et al. (2014)
repeated the procedure at different time intervals result-
ing in an acceptable test-retest reliability with a 2 week
but not with a 3-month interval. A further study was
directly comparing the LR with the 2AFC method
(Hébert, 2018) with the specific aim to extract one dom-
inant pitch and loudness matching for 2AFC and
accordingly three dominant matches for LR. The match-
ing was repeated two times at a l-month interval.
Results were indicative of a superior test-retest reliabil-
ity of LR compared with 2AFC.

The aim of this study was to compare these three
established methods, namely, MOA, 2AFC, and LR.
For this comparison, three evaluation categories have
been of particular focus: reliability, matching duration,
and satisfaction. The reliability of the tinnitus pitch
matching is important for basic research as well as for
clinical treatments with sound therapies. The duration of
the tinnitus matching is of practical importance for the
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clinical routine. Since the matching of the tinnitus pitch
is purely subjective, the self-rated satisfaction with the
matching result is an important feedback of the tinnitus
individual that can be used as an additional indicator for
the precision of the matching.

Methods

Participants

We recruited a sample of 59 tinnitus participants from
the interdisciplinary tinnitus clinic at the university hos-
pital Regensburg with an age range spanning from 18 to
75 years. Convenience sampling was applied with the fol-
lowing inclusion and exclusion criteria: Primary and sole
inclusion criterion was chronic, tonal tinnitus (single
pitch) present for at least 6 months. Exclusion criteria
were neurological or psychiatric diseases, concurrent
tinnitus interventions, substance abuse, hearing aids,
and finally hearing loss above 40dB at any frequency
up to 8kHz. All participants gave written informed
consent after being informed about the scope and
procedural details of the study. The study was
approved by the ethical review board of the University
of Regensburg (approval number 17-658-101).
Demographic characteristics of the participant sample
are described in Table 1.

To ensure comparability between the pitch-matching
methods, participants were randomly assigned to three
groups with the goal of three equivalent groups matched
for age, sex, hearing loss, and musicality. The resulting
groups did not show any statistically significant differ-
ence with respect to age (¢ test, p>.1), sex (x° test,
p>.9), hearing loss (¢ test, p>.4), or musicality (x>
test, p > .8). Beyond these primary matching parameters,
we also report nonsignificant differences in further
assessed variables relevant to the study procedure (z
tests), namely, educational status (p >.8), tinnitus dura-
tion (p>.6), self-reported subjective tinnitus loudness
(p=.19), and time aware of tinnitus (p > .4).

Questionnaires

Upon the actual experiment, participants filled in an
online questionnaire comprising the Tinnitus Sample
Case History Questionnaire for clinical and demograph-
ic data (Langguth et al., 2007), a short version of the
Tinnitus Questionnaire (mini-TF, Goebel & Hiller,
1994), and the German adaption of the Tinnitus
Handicap Inventory (Newman, Jacobson, & Spitzer,
1996). Questions, comments, and ratings during
the experimental procedure were assessed with paper
and pencil.

Table I. Demographic Characteristics of the Study Population
(Newman et al., 1996).

Study population

Demographic characteristics (N=59)
Age (years)—mean £ SD 53.9+9.0
Sex—n (%)
Male 38 (64.4)
Female 21 (35.6)
Average hearing loss (dB)—mean & SD 184+ 18.8
THI sumscore (0—100)—mean 4+ SD 557+t114
Musical experience—n (%)
No musical experience 44 (74.6)

HM 15 (25.4)
Musical practice hours per week 0.68+0.48
(HM, hours)—mean + SD

Note. HM = hobby musician; SD = standard deviation; THI = Tinnitus
Handicap Inventory.

Audiometry

Hearing thresholds were measured in the frequency
range from 125Hz to 8 kHz in octave steps with semi-
octave steps between 0.5 and 1 (i.e., 0.75kHz), 1 and 2
(i.e., 1.5kHz), 2 and 4 (i.e., 3kHz), and 4 and 8 kHz (i.e.,
6kHz), respectively (Madsen Midimate 622D; GN
Otometrics, Denmark) with Sennheiser HDA 2000 head-
phones (Sennheiser, Germany).

Study Design

At the beginning of the experiment, the participants were
informed about the study procedures and signed the
informed consent. All participants performed five con-
secutive runs of tinnitus matching. Between the runs,
participants had a break of at least Smin where
they could read news, solve crosswords, or sudoku for
distraction. After the fifth session of the experiment,
participants filled in the online survey with the question-
naires described in the earlier questionnaire section.
Upon completion of the survey, participants underwent
pure tone audiometry (Figure 1). Finally, participants
were debriefed and dismissed. The experiment lasted
about 90 min on average. No measurements had to be
excluded.

Tinnitus Pitch-Matching Methods

As a first measure, as common in tinnitus pitch match-
ing, an ear was defined on which the matching sounds
were presented (Henry & Meikle, 2000). Ideally, the ear
contralateral to the tinnitus was chosen in the case of
unilateral tinnitus and good hearing in the contralateral
ear. In case of bilateral tinnitus with no preference to one
side, the matching was performed on the better hearing
ear (the ear with less average hearing loss over all tested



Trends in Hearing

Study information
Informed consent

IBRIBHIBRIBRI

Questionnaires
Audiograms

>

Figure |. Flowchart of the experimental procedure. There were five consecutive runs (RI-R5) for tinnitus matching, interrupted by

5-min BR to relax and distract the participants. BR = break.

frequencies). Finally, if all of the above options failed,
participants were able to choose their preferred ear for
matching. Upon decision on the matching ear, all of the
three methods were configured to present their sounds
on the respective ear exclusively. With respect to presen-
tation sound levels (i.e., loudness), LR was user-driven
as the loudness could be adjusted for each frequency in
each trial with a slider starting from a just audible level.
In MOA and 2AFC, levels were adjusted to a comfort-
able level (see details in the following subsections).

Method of adjustment. After a 500 Hz tone had been
adjusted to a comfortable frequency, participants were
instructed to use a rotary encoder to adjust the frequen-
cy of the matching pure tone to the pitch of their tinni-
tus. It was emphasized and demonstrated that the rotary
encoder can be used for both fast scrolling through the
whole audible spectrum as well as slowly turned for fine
tuning. Following this central step of pitch matching,
octave confusion was tested with a respective switch. If
an octave confusion was identified, participants were
asked to redo the pitch-matching procedure. Finally,
after successful pitch matching, the loudness of the
matching sound was adjusted to match the loudness of
the tinnitus.

Two-alternative forced choice. The 2AFC procedure was
done in three steps: First, a coarse definition of the
octave where tinnitus is most probably situated was
defined. This was achieved by both having an eye on
the audiometric profile and testing the limits of the
range with probe tones. The latter was performed in
our case and is comparable to the method of limits
(Tyler & Conrad-Armes, 1983). The upper and lower
limits of this octave then served as the extreme of the
starting bracket of the double stair case (e.g., 4000 and
8000 Hz, respectively). This bracket then served for the
actual tinnitus pitch matching, where the final frequency
was approached on the double staircase in one-third
octave steps with a maximum of seven iterations
per run. Finally, as a third step, octave confusion
was tested and procedure repeated, in case of actual
confusion. This last step was comparable to the proce-
dure in MOA.

Likeness rating. A frequency list of 11 frequencies (0.5, 1,
2,3,4,5,6,7, 8,10, and12kHz according to Hoare
et al., 2014) was displayed on the operators GUI and
were presented in sequence from top to bottom. Upon
button press of a frequency, the sound was played for
3s. First, participants were instructed to adjust the level
of the sound to the loudness of their tinnitus. Following
that, participants rated the likeness of the presented
sound to the subjective tinnitus on a percent scale.
Upon completion, the next frequency was presented
and the procedure continued until all 11 frequencies
were adjusted and rated. The procedure was imple-
mented in Matlab as a GUI application controllable
via computer mouse by the operator (study personnel)
and via volume fader by the participants. The set of the
11 frequencies spanning up to 12,000 Hz was pseudo-
randomly generated so that no direct neighbor frequency
was presented in sequence, and that the single runs did
not start or end with identical frequency to counteract
anchor and other learning effects. For all of the three
methods, a final best matching frequency was chosen.
Therefore, for LR, participants had to opt for a favorite
frequency if the same LR was given for several
frequencies.

Statistical Analysis

Statistical analysis was performed with R version 3.3.3
(R project, Vienna, Austria). Several measures were used
to assess the reliability of the three tinnitus pitch-
matching methods. The intraclass correlation (ICC)
was calculated using the “irr” library (version 0.84).
The coefficient of variation (CV, also known as relative
standard deviation) was calculated as a ratio between the
standard deviation and the mean. Furthermore, the CV
compliance rate (CVCR) was calculated to identify the
percentage of participants with a CV below a given
cutoff value. For this cutoff value, we chose the criterion
<0.33, as this is commonly interpreted as an acceptable
CV (Ruhe, Fejer, & Walker, 2010). All these measures
are based on a linear frequency scale, which does not
respect the natural pitch perception of the human ear,
which is better described as proportional to the loga-
rithm of the frequency. Therefore, we also calculated
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the difference between the matched tinnitus pitches in
octaves. For each, an average difference between all
matching results—measured in octaves—was calculated.
Mixed-model analyses of variance (ANOVAs) were cal-
culated with the “nlme” library (version 3.1-131) model-
ing a random intercept per participant.

Results

Tinnitus Pitch-Matching Results

Figure 2 shows the pitch-matching results for each par-
ticipant and run. The CV was calculated across the five
measurements for each participant, and an average CV is
reported for each method in Table 2. The highest CV
was found for the 2AFC method with 43.6%, which was
significantly higher than for the LR (two-sample 7 test,
t=2.20, p=.038). There was no significant difference
between the CV values of the MOA and the 2AFC
method (p>.1) nor between the MOA and the LR
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Figure 2. Dot plot of the tinnitus matching results for the 59
tinnitus participants. The dots represent individual pitch-matching
results. Each individual participant performed five consecutive
measures of the tinnitus pitch, visualized by the five dots on the
respective line. MOA measurements are shown in black, the 2AFC
measurements in red, and the LR measurements in blue.

MOA = method of adjustment; 2AFC = two-alternative forced
choice; LR = likeness rating.

(p>.5). In addition, the CVCR compliance rate
(CVCR) was calculated for each method with a cutoff
criterion of CV <.33 (Ruhe et al., 2010). The largest
CVCR was found for the MOA with 80% of the partic-
ipants showing a CV below .33. Of the participants using
LR, 73.7% scored below this level, while only 55% of
the participants using the 2AFC method reached such a
low CV value. For each participant, the mean difference
between the five pitch-matching results was calculated in
octaves. The average values and standard differences for
each method are reported in Table 2. The largest average
was found for the 2AFC method with a mean difference
of 1.07 octaves. This average was significantly higher
than the average of the MOA (two-sample ¢ test,
t=2.31, p=.03) and significantly higher than the LR
(two-sample ¢ test, 1=2.37, p=.03). There was no sig-
nificant difference in the mean octave differences
between the MOA and the LR (p >.9). The average tin-
nitus pitch measured with the MOA was with 4,697 Hz
significantly lower than the average pitch measured with
the 2AFC method (two-sample ¢ test, 1 =2.90, p=.007)
and also significantly lower than the average pitch mea-
sured with the LR (two-sample ¢ test, t =3.46, p=.001).
There was no significant difference in the average pitch
measures between the 2AFC method and the LR

(»>.9).

Duration of Pitch Matching

The time duration for the performing the pitch matching
was measured for each run and each tinnitus participant,
and the mean durations are shown in Table 3. A mixed-
model ANOVA revealed a significant main effect for the
run (F=1444, p<.0001) and the method type
(F=12.5, p<.0001), while the interaction effect of run
and method was not significant (p > .1). Across all pitch-
matching methods, the participants learned quickly to
perform the pitch matching with shorter time durations.
For all methods, the comparison between Run 1 and
Run 5 shows much faster pitch matching for the last
session (paired ¢ tests, all p <.0001). Post hoc analysis
on the main effect for the method type showed that the
LR was always the method with the longest duration. In
all the five runs, the LR was the significantly slower than
the fastest method (all p<.01). Between the 2AFC

Table 2. Reliability Measures and Average Pitch Measures for the Three Different Pitch-Matching Methods.

Method ICC (95% Cl) Average CV (%) CVCR (%) Mean OD Mean frequency (Hz)
MOA 0.67 [0.50, 0.83] 28.4 80 0.42+0.36 4697
2AFC 0.63 [0.44, 0.80] 43.6 55 1.07+£1.20 7779
LR 0.69 [0.51, 0.84] 234 737 041 £1.20 7632

Note. ICC = intraclass correlation; Cl = confidence interval; CV = coefficient of variation; CVCR = CV compliance rate; OD = octave difference;
MOA = method of adjustment; 2AFC = two-alternative forced-choice; LR = likeness rating.
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Table 3. Time Duration for Pitch Matching, Measured in Seconds (mean + SD).

Method Run | Run 2 Run 3 Run 4 Run 5
MOA 3854205 164 £73 146 £ 111 152 + 81 131 £8l
2AFC 327+ 108 215+89 205+ 86 170 £ 60 161 £78
LR 480 £ 162 335+£132 256 +97 252 +77 233+72
Note. MOA = method of adjustment; 2AFC = two-alternative forced choice; LR = likeness rating.

Table 4. Subjective Self-ratings of the Participants on the Accuracy of the Pitch Matching (mean =+ SD).

Method Run | Run 2 Run 3 Run 4 Run 5
MOA 8.1+0.78 82+1.24 845+ 1.23 845+ 1.05 87+1.03
2AFC 75+1.43 6.6+1.9 79+£1.12 735+ 1.8l 79+1.37
LR 821 £1.23 8.79+0.79 8.84 £ 1.07 8.68 +£0.89 8.63£1.11

Note. Range: |-10, | = not satisfactory at all, 10 = highly satisfactory. MOA = method of adjustment; 2AFC = two-alternative forced choice; LR = likeness

rating; SD = standard deviation.

method and MOA, there was no significant difference
found in neither of the runs (all p > .05).

Subjective Satisfaction With Matching Accuracy

After each pitch matching, the participants were asked
to rate the matching accuracy on a scale from 0 to 10.
The mean values and standard deviation for all methods
and runs are given in Table 4. A mixed-model ANOVA
on these self-rating values revealed a main effect for the
run (F=9.6, p=.002) and the method type (F=09.1,
p<.001), but no significant interaction (p>.6). The
main effect for the run reflects the tendency that the
satisfaction slightly increased over the five consecutive
runs. However, post hoc analysis between the first and
the fifth run revealed only for the MOA a significant
improvement (¢ test, t=2.07, p=.046). The main effect
for the method reveals that participants using the 2AFC
method always gave the lowest ratings across all runs,
while the participants using the LR gave the highest
ratings in four of the five runs. In Runs 2, 3, and 4,
the difference between the satisfaction self-ratings of
the 2AFC method and the LR reached statistical signif-
icance (all p <.011).

Discussion

MOA, 2AFC, and LR are three different pitch-matching
methods that have been compared on 59 chronic tinnitus
participants. The pitch-matching methods have been
compared with respect to their retest reliability, the
time duration for performing the matching procedure,
and the subjective satisfaction of the participants with
the matching result.

To evaluate the reliability of pitch-matching methods,
we used four different measures highlighting different
aspects of the retest results. The ICC was calculated as

a commonly used measure for retest reliability with mul-
tiple repeated measures. The ICC values of all the three
pitch-matching methods (Table 2) can be interpreted as
good reliability. End points of the confidence intervals
extended between fair and excellent ICC values. Since
the ICC measures resulted in wide confidence intervals,
it was not possible to decide whether there is one method
significantly less or more reliable than the others. Similar
observations for reliability were made in several former
studies where different matching methods were com-
pared (Basile et al.,, 2013; Hauptmann et al., 2016;
Henry, Flick, Gilbert, Ellingson, & Fausti, 2004a;
Tyler & Conrad-Armes, 2009; Wunderlich et al., 2015).
Conflicting results were shown in an other study demon-
strating superior test-retest concordance of LR in com-
parison to 2AFC (Hébert, 2018). To test for differences
not accessible with the ICC method, we also calculated
the CV, which is a measure for the relative standard
deviation of the matching results. The CVs for partici-
pants using the 2AFC method were found to be much
higher than in the participants using the LR. This also
reflected in the CVCR. Only 55% of the participants
using the 2AFC method were able to produce a CV
smaller than .33. On the other side, the CVCR for the
LR reached 73.7% and the MOA 80%. A similar anal-
ysis was performed in Hauptmann et al. (2016) where the
comparison of 2AFC and MOA in matching a test tone
resulted in 80% of the trials within a 5% pitch interval
for 2AFC and only 40% for MOA. Notably, given the
specific task of matching to a fixed external sound, the
results cannot be directly compared with the results in
this study and are furthermore in conflict with the view
of none or only minor differences in reliability between
the established methods. Another important measure,
for example, for the individual adjustment of sound ther-
apies, is the mean octave difference. As some
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contemporary sound therapies (e.g., the notched music
therapy or the notched hearing aid) need to adjust a
notch (e.g., 0.5-1 octave) around the individually
measured tinnitus pitch, the average deviation is of prac-
tical importance for the clinical treatment. We found
that the mean octave difference in participants using
the 2AFC method is significantly higher than in partic-
ipants using the MOA or the LR. This could be
explained by a rather low number of reversals applied
in our study (i.e., 7) or a latent, systematic bias in the
2AFC experimental group.

The evaluation of the duration for tinnitus matching
revealed a strong learning effect of all participants across
all pitch-matching methods. The average matching dura-
tion in Run 5 was always more than 50% faster than in
Run 1. This very fast learning effect will need to be con-
sidered for designing future studies with repeated tinni-
tus pitch matchings. In addition, we found that the LR
method consistently needed a longer time duration for
pitch matching, which can be explained by the time cost
of its inherent procedurality (i.e., loudness matching of
all probe tones). This dependence on procedural details
as well as no previous studies testing multiple runs of
different matching methods in parallel obstructs a mean-
ingful discussion of testing duration. Fittingly, Henry
et al. (2004a, page 134) noted for LR that

However, note that for the Subject-Guided method, the
time required to obtain thresholds and loudness matches
at each frequency was not factored into the time of test-
ing. Thus obtaining a pitch match with this method
would take much longer if total testing time was
combined.

Taken together, the duration of tinnitus matching lacks
a proper conceptualization as details inherent to the pro-
cedure or dependencies between matching procedures or
audiometric measures limit the measurement of actual
matching duration.

To assess the subjective satisfaction of the participant
with the pitch-matching result, the participants were
asked to self-rate on a scale between 0 and 10 how
much the matched tinnitus tone corresponds to the sub-
jectively perceived tinnitus. We found that subjective sat-
isfaction slightly increased from the first to the fifth run
across all pitch-matching methods, especially MOA.
This can be interpreted as an indicator that the partic-
ipants not only learned to perform the pitch matching
faster but also learned to match their tinnitus with better
accuracy. A comparable slight increase overtime or cer-
tainly between the first and the subsequent session was
found for MOA (Henry et al., 2004b) and for LR or
2AFC (Hébert, 2018). However, the improvement is
rather small in magnitude in our data as well as in
former studies. More studies will be needed to examine

the learning progress in more detail. Furthermore, the
analysis revealed that the participants in the 2AFC
group were on average less satisfied with matching
results than the participants using the MOA or the
LR. This prima facie contradicts our findings, but
could again be explained by the latent limitations of
the 2AFC method in our study. Future studies could
also profit from a differential set of questions regarding
satisfaction such as comprehensibility, ease of use, cer-
tainty about the result, and comfort level of the proce-
dures (Wunderlich et al., 2015).

In our study, we presented the matching sound stim-
ulus to the ear contralateral to the tinnitus ear according
to common practice. Yet, there is conflicting evidence
and recommendations. Tyler and Conrad-Armes (1983)
observed lower pitch matchings in some subjects in the
contralateral matching procedure and recommend the
use of ispilateral stimulation to “avoid any effects of
diplacusis.” Furthermore, this study identified seven to
nine runs as the optimal number of repetitions in tinnitus
pitch matching and proposed to track the variability of
the results. Related to that, consistent measure over
larger time intervals are needed to both identify persons
with fluctuating tinnitus but also better prepare any
study or treatment dependent on tinnitus pitch (Tyler,
1985). With increasing repetitions and related exposure
to sounds, the effect of those sounds on the tinnitus itself
but also the matching procedure have to be considered
(Henry & Meikle, 2000; Tyler, 2005). Unfortunately, we
cannot provide the reader with any data on such effects
at this point.

Summarizing the results of this comparison, there was
no pitch-matching method that is the clear winner in all
categories. Future methodological studies on tinnitus
pitch matching may take advantage of these results by
developing a combined method melting the advantages
of each method together (e.g., as proposed in
Hauptmann et al., 2016). MOA was found to be a
method with good reliability of the tinnitus matching,
low variability of matching results, short time
duration for the tinnitus matching, and high participant
satisfaction. However, it has to be highlighted here that
the frequencies of the matched tinnitus tones were sig-
nificantly lower than the frequencies that have been
matched with 2AFC or LR. With implementation
that we used in this study, the participants using the
MOA always started with an initial setting of 500 Hz
and were asked to increase the frequency until they
reach their individual tinnitus pitch. We suspect that
this initially low frequency setting biased the participants
toward lower frequencies and offering an anchor
for their matching decision, which might have favored
octave  confusions toward lower frequencies.
Future developments will need to address this disadvan-
tage by Dbetter solutions for the initial setting
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(e.g., starting with a random frequency). The 2AFC
method was found to be a fast technique for tinnitus
pitch matching. The analysis of the ICC demonstrates
a good reliability. The analysis of the CV as well as the
mean octave difference, however, reveals large variations
of the matched frequency within repeated measures of
the individuals. This is most likely due to the algorithm
that forces the participants into making a series of com-
parative decisions. If the participant makes a wrong
decision in the beginning, this leads the following deci-
sion tree into a wrong direction (Wunderlich et al.,
2015). Accordingly, the subjective satisfaction of the
participants remained poor compared with the other
matching procedures. Pitch matching with the LR was
done with good reliability and relatively low variation of
pitch-matching results. The subjective satisfaction of the
participants with the results was relatively high.
However, the participants needed significantly more
time to perform the pitch matching compared with
the other methods. An important limitation of the
LR is the frequency resolution of the results. In our
implementation, we used 11 different frequencies for
the LR. The maximum and minimum frequencies as
well as the frequency resolution are dependent on these
predefined frequencies. In addition, more test frequen-
cies would prolong the matching procedure. This is
an immanent trade-off of the methodology. The
researcher or clinician performing the LR therefore has
to decide on the needed frequency resolution and time
commitment.

Conclusion

Altogether, the compared methods for pitch matching
show good reliability with acceptable matching dura-
tions and participant satisfaction. However, in all the
aforementioned methods, we identified room for
improvement. Beyond that, the meaningful combination
of the three methods could improve reliability,
matching duration, and satisfaction with the results.
Especially in a time of emerging auditory treatments
that depend on precise tinnitus pitch matching, future
advancements are needed to develop methods that can
be performed fast and with high reliability. This will help
to improve the efficacy of the clinical treatment and also
enable new insights in the scientific understanding of
tinnitus.
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Abstract

Recent studies have compared tinnitus suppression, or residual inhibition, between amplitude- and frequency-modulated
(AM) sounds and noises or pure tones (PT). Results are indicative, yet inconclusive, of stronger tinnitus suppression of
modulated sounds especially near the tinnitus frequency. Systematic comparison of AM sounds at the tinnitus frequency has
not yet been studied in depth. The current study therefore aims at further advancing this line of research by contrasting
tinnitus suppression profiles of AM and PT sounds at the matched tinnitus frequency (i.e., 10 and 40Hz AM vs. PT).
Participants with chronic, tonal tinnitus (n =29) underwent comprehensive psychometric, audiometric, tinnitus matching, and
acoustic stimulation procedures. Stimuli were presented for 3 minutes in two loudness regimes (60 dB sensation level [SL],
minimum masking level [MML] + 6 dB, control sound: SL —6 dB) and amplitude modulated with 0, 10, or 40 Hz. Tinnitus
loudness suppression was measured after the stimulation every 30 seconds. In addition, stimuli were rated regarding their
valence and arousal. Results demonstrate only trends for better tinnitus suppression for the 10 Hz modulation and presen-
tation level of 60 dB SL compared with PT, whereas nonsignificant results are reported for 40 Hz and MML + 6 dB, respect-
ively. Furthermore, the 10Hz AM at 60dB SL and the 40 Hz AM at MML + 6 dB (trend) stimuli were better tolerated as
elicited by valence ratings. We conclude that 10 Hz AM sounds at the tinnitus frequency may be useful to further elucidate
the phenomenon of residual inhibition.
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& Olze, 2012). Moreover, tinnitus is not only related to
altered auditory functions like speech perception (Ivansic
et al., 2017; Jagoda et al., 2018), sound source localiza-
tion (Hyvédrinen, Mendonga, Santala, Pulkki, &
Aarnisalo, 2016), auditory attention (Cuny, Norena, El
Massioui, & Chéry-Croze, 2004), and emotional atten-
tion processes (Trevis, McLachlan, & Wilson, 2016),
but also to affective disorders like depression or anxiety
(Langguth, 2012), insomnia (Croenlein et al., 2016),
and lowered quality of life (Nondahl et al., 2007;
Weidt et al., 2016).

In most cases, the perception of the phantom sound
seems to develop after loss of cochlear hair cells or other
peripheral alterations leading to maladaptive plasticity in
the auditory pathway and brain. It is still debated if
and how either objective (Eggermont & Roberts, 2004;
Mazurek et al., 2010; Schaette & Kempter, 2006) or
“hidden” hearing loss (Adjamian, Sereda, Zobay, Hall,
& Palmer, 2012; Schaette & McAlpine, 2011; Weisz,
Hartmann, Dohrmann, Schlee, & Norena, 2006) contrib-
ute to tinnitus generation. Models of tinnitus generation
and maintenance are still being debated (Sedley, Friston,
Gander, Kumar, & Griffiths, 2016) and are limited by
an underlying inherent heterogeneity of the disorder
(Landgrebe et al., 2012). Yet, consensus arose that
both the peripheral auditory system as well as differential
brain networks are involved and correlate with differen-
tial aspects of tinnitus (Adjamian, Sereda, & Hall, 2009;
De Ridder, Elgoyhen, Romo, & Langguth, 2011;
De Ridder et al., 2014; Eggermont & Roberts, 2004;
Elgoyhen, Langguth, De Ridder, & Vanneste, 2015;
Jastreboff, 1990; Schlee, Mueller, et al., 2009).

Up to today, there is no generally applicable cure for
this phantom sound perception. Established interven-
tions aim at alleviating the tinnitus sound or accompany-
ing symptoms (Baguley, McFerran, & Hall, 2013).
Within a consensus clinical management framework
(Langguth et al., 2013), three avenues of symptom-
oriented interventions are suggested: First, ideally
accompanying other treatment options (Baguley et al.,
2013), cognitive behavioral therapy is suggested to estab-
lish coping strategies (Cima et al., 2012). A further
option involves differential approaches of neuromodula-
tion and stimulation (Hoare, Adjamian, & Sereda, 2016;
Soleimani, Jalali, & Hasandokht, 2016) with concur-
rently increased efficacy applying multisite montages
(Lehner, Schecklmann, Greenlee, Rupprecht, &
Langguth, 2016), individual protocols (Kreuzer et al.,
2017), and possibly combined approaches (Shekhawat,
Kobayashi, & Searchfield, 2015; Teismann et al., 2014).
Finally, auditory stimulation was traditionally studied
and evolved to exert efficacy in suppressing tinnitus in
sound therapies (Feldmann, 1971; Hazell & Wood, 2009;
Henry, Rheinsburg, & Zaugg, 2004; Terry, Jones, Davis,
& Slater, 1983; Vernon, 1977). Recent technical advances

and neuroscientific research could spawn some promis-
ing approaches of auditory retraining aimed at reversing
maladaptive neural plasticity related to tinnitus
(Adamchic et al., 2017; Okamoto, Stein, et al., 2015;
Stracke, Stoll, & Pantev, 2010; Tass, Adamchic,
Freund, von Stackelberg, & Hauptmann, 2012). Yet,
whereas masking alongside counseling in tinnitus man-
agement has proven efficacy and may be clinically imple-
mented (Baguley et al., 2013), there is still debate about
clinical use of aforementioned retraining approaches
(e.g., Wegger, Ovesen, & Larsen, 2017).

The present study joins the branch of auditory stimu-
lation in tinnitus with a focus on residual inhibition
(RI; Roberts, 2007) or, more specifically, tinnitus sup-
pression effects with patterned (here: amplitude-modu-
lated [AM]) sounds. Recent studies aimed to
demonstrate more pronounced tinnitus suppression
after stimulation with AM or frequency-modulated
(FM) sounds compared with unmodulated sounds and
noise with inconclusive results (Neff et al., 2017; Reavis
et al., 2012; Tyler, Stocking, Secor, & Slattery, 2014).
This putative effect is primarily observed with sounds
in or around the tinnitus frequency (Schaette, Konig,
Hornig, Gross, & Kempter, 2010; Roberts, Moffat,
Baumann, Ward, & Bosnyak, 2008; Roberts, Moffat, &
Bosnyak, 2006; Sockalingam, Dunphy, Nam, &
Gulliver, 2009) while its exact mechanisms of action
remain unclear. Concretely, it is not known if and how
modulated sounds may produce stronger and longer tin-
nitus suppression or RI than constant noise or pure tone
(PT) sounds. This is partly explicable by the fact that, in
classical masking and RI, only unmodulated sounds and
noise have been used (e.g., Roberts et al., 2006, 2008;
Terry et al., 1983).

Alternatively or concomitantly, neural entrainment
effects may account for normalization of tinnitus-specific
neural oscillations (Neff et al., 2017; Reavis et al., 2012)
and in comparable disorders (e.g., pain [Ecsy, Jones, &
Brown, 2017]). Neural entrainment describes the phe-
nomenon of synchronization of endogenous neural oscil-
lations to patterned or rhythmic external stimuli (here:
auditory [Draganova, Ross, Wollbrink, & Pantev, 2008;
Picton, John, Dimitrijevic, & Purcell, 2003]).
Furthermore, changes in neurophysiology (Kaltenbach
& Godfrey, 2008) or chemistry (Sedley et al., 2015)
throughout the auditory pathway and the brain may
also play a role but would have to be specifically tested
and modeled with the modulated stimulus class.

Generally, a resurrection of interest in RI is observ-
able in tinnitus research, as echoed and welcomed in a
recent study by Fournier et al. (2018) Yet, given the
multitude of possible mechanisms of action, the ongoing
research on causes and mechanisms, the underlying
problem of heterogeneity of tinnitus, limited methods,
and the gap between human and basic animal research,
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it is difficult to propose an all-encompassing model of the
mechanism of action of AM stimulation at this point.
Beyond that, data are scarce and largely absent in the
case of prolonged stimulation for possible tinnitus treat-
ment with the modulated stimulus class. Therefore, it is
deemed necessary to proceed in small steps and iterate on
the immediate subjective effects of the stimulus class.
Ideally, primary parameters of modulation rate, presen-
tation level, carrier sounds or frequency (range), dur-
ation, and tolerability should be evaluated in respective
study designs.

Psychological aspects, especially tolerability of tin-
nitus RI and therapeutic sounds, should be investigated,
as they seem to be affecting tinnitus loudness perception
(Durai, O’Keeffe, & Searchfield, 2017) or sound therapy
treatment outcomes (Searchfield, Durai, & Linford,
2017). Furthermore, differences in general sound or spe-
cific stimuli tolerability could be mediated by personality
(Searchfield et al., 2017) and are generally influenced by
neurobiological interactions between auditory systems of
perception and limbic systems related to valence (Kraus
& Canlon, 2012). To sum up, psychological and bio-
logical factors, besides well-definable physical stimulus
parameters, contribute to the perception of sounds or
suppression of tinnitus and should be taken into account
when studying induced tinnitus suppression. Concretely,
studies should assess tolerability of tested sound stimuli
to better understand the mechanisms of action in RI or
sound therapy in tinnitus.

Former studies observed the potential to temporarily
suppress tinnitus with 40 Hz AM and FM sounds in fixed
frequency bands (Reavis et al., 2012), with 40 Hz AM
pitch-matched sounds in contrast to broadband noise
(Tyler et al., 2014), or with 10 Hz AM sounds at the
matched tinnitus frequency in our former study (Neff
et al., 2017). In more detail, our former study tested an
explorative set of three 10 Hz AM with PT (at tinnitus
frequency and 108 Hz) or FM sounds as carrier sounds,
two 10 Hz (notch) filter modulations around tinnitus fre-
quency with pink noise and music as carrier sounds, and
two control stimuli (PT at tinnitus frequency, pink noise)
in respect to RI after 3 minutes of stimulation at 60 dB
SL. Post hoc contrasts between the stimuli indicated
stronger RI for the AM sound at the tinnitus frequency
compared with pink noise, AM at 108 Hz, and the filter
modulated music, as well as stronger RI for the AM or
FM sound compared with pink noise and music. The
results from our former and the aforementioned previous
studies were especially inconclusive when contrasting
AM to PT sounds with identical carrier sounds. This
contrast is deemed paramount to better understand the
RI potential of AM and PT sounds as merely the modu-
lation (i.e., AM) is manipulated while the other stimuli
parameter (i.e., carrier sound and loudness) are con-
trolled. In these previous studies, either carrier sounds

were not matched to the tinnitus frequency (Reavis et al.,
2012), or the contrast was performed between PT and
noise carrier sounds (Tyler et al., 2014), or a wide array
of differential sounds was used with no significant differ-
ence between AM and PT sounds matched at the tinnitus
frequency (Neff et al., 2017). Moreover, the modulation
rate was different with 40 Hz for Reavis et al. (2012) and
Tyler et al. (2014) whereas our former study applied
10 Hz. Besides that, many aspects of the designs and
analysis strategies of the studies are not directly compar-
able further adding to the limited insights regarding
differences between modulated and unmodulated
PTs. Taken together, no former study was specifically
designed to test this critical contrast of interest. The
aim of this study is therefore to compare AM with
PT sounds at the matched tinnitus frequency to further
elucidate efficacy in tinnitus suppression of the AM
stimulus class.

Concretely, we hypothesize that AM sounds (with 10
and 40 Hz modulation) at the tinnitus frequency may
elicit better short-term tinnitus suppression than their
unmodulated PT pendants. Secondarily, we want to
test if and how different sound levels during acoustic
stimulation may influence this contrast by presenting
the stimuli at SL plus 60 dB (Neff et al., 2017) compared
with presentation 6dB above individual’s minimum
masking level (MML). While we expect generally stron-
ger tinnitus suppression for the SL stimuli due to the
higher presentation loudness compared with the MML
stimuli, we still hypothesize that the effect of better sup-
pression of AM compared with unmodulated sound will
become evident in both loudness regimes. In addition,
aiming both at better understanding of RI profiles and
at possible future acoustic interventions for tinnitus, sub-
jective evaluation of tolerability of the stimuli is deemed
as critical and was assessed by means of pictorial scales
(manikins) of valence and arousal (Bradley & Lang,
1994). Given the broad use of these pictorial scales for
emotional assessment, also for reactivity to sounds
(Bradley & Lang 2000), these scales are deemed as suit-
able to test the tolerability of stimuli used in this study.
Hence, we expect better tolerability (reflected by higher
valence and lower arousal scores) for the AM compared
with the PT sounds. To the best of our knowledge, the
present study is the first study to directly compare AM
and PT sounds matched to the tinnitus frequency (i.e.,
using the same PT carrier sound). Results could have
implications for both the RI phenomenon as well as
for possible future sound therapies.

Methods

Methods, procedures, and sample size of the study are
directly comparable to our former study (Neff et al.,
2017) with some changes in the tinnitus matching
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equipment and protocol. Numeric participant character-
istics, tinnitus parameters, and tinnitus matching results
are listed in Table 2 in the Results section.

Participants

Twenty-nine patients (9 females, between age 18
and 75 years) with chronic bilateral tonal tinnitus
(>12 months since tinnitus onset) from the
Interdisciplinary Tinnitus Clinic of Regensburg were
included in this study. Patients with a history or presence
of any severe and relevant somatic, neurological, or
mental disorders were excluded. Further exclusion cri-
teria were ongoing intake of any psychotropic medica-
tion or substance and the participation in other tinnitus
studies or treatments. The study was approved by the
local ethics committee (16-101-0061). After a compre-
hensive explanation of the procedures, risks, and bene-
fits, all participants gave written informed consent.

Psychometry

Upon the actual experiment, participants filled in an
online questionnaire comprising German adaptations
of the Tinnitus Sample Case History Questionnaire for
clinical and demographic data (Langguth et al., 2007),
tinnitus questionnaire (Goebel & Hiller, 1994), tinnitus
handicap inventory (Kleinjung et al., 2007), and a short
version of the hyperacusis questionnaire (mini-HQ9
[Goebel, Berthold, Scheffold, & Bldsing, 2013]).

Audiometry

Hearing thresholds were measured in the frequency
range from 125 Hz to 8 kHz in octave steps with semioc-
tave steps between 0.5 and 1 (i.e., 0.75kHz), 1 and 2 (i.e.,
1.5kHz), 2 and 4 (i.e., 3kHz), and 4 and 8kHz (i.e.,
6kHz), respectively (Madsen Midimate 622D; GN
Otometrics, Denmark). Sennheiser HDA 2000 head-
phones (Sennheiser, Germany) were used for audiom-
etry, subsequent tinnitus matching, and the actual
acoustic stimulation procedure.

Tinnitus Matching

Tinnitus matching was performed applying a method of
adjustment approach (Henry, Rheinsburg, & Ellingson,
2004) with a custom-tailored MAX program (MAX 7;
Cycling '74, USA) and a modular hardware controller
(Palette Expert Kit; Palette; Canada). For the actual pro-
cedure, we adhered to the sequence of the tinnitus tester
procedure (Roberts et al., 2008) without tinnitus likeli-
ness ratings, tests for RI, and loudness matching of
1 kHz reference tones. An octave confusion test was
included at the end of the procedure. Participants were

accustomed to the device and subsequently trained for
the procedure. Main parameters of interest assessed by
the matching procedure were tinnitus loudness (in dB),
tinnitus side (on a continuum between 0 [=left ear] to 127
[=right ear] with the value of 63 representing equally
distributed bilateral tinnitus) and tinnitus frequency
(in Hz). The frequency dial’s step size (i.e., endless dial)
was slightly below a semitone, and its frequency range
between 40 and 16000 Hz. During the actual matching
procedure, participants self-reliantly adjusted all the par-
ameters with no need to check with the study personnel
or a computer screen (tinnitus parameters were indicated
on the controller upon touching of the respective control
units): First, a 500 Hz PT was set to a comfortable level.
Following on that, participants proceeded with the
matching of the frequency. Finally, the sound was
adjusted in loudness to fit the perceived tinnitus loudness
and localized in the stereo spectrum with the panning
dial. Participants were then given the opportunity to
rate the correspondence between matched sound and
their tinnitus as well as the general usability of the
matching equipment on a scale ranging from 1 to 10.
The time of the self-reliant matching procedure was
assessed by the study personnel, and the matching pro-
cedure was repeated after acoustic stimulation described
in the next paragraph. In the case of multiple tinnitus
sensations, participants were instructed to focus on their
dominant tinnitus.

Acoustic Stimulation

Five amplitude modulated sounds (10 or 40 Hz modula-
tion rates at 60dB SL and MML + 6dB presentation
loudness, and a single, inaudible 10 Hz stimulus 6dB
below SL) and two unmodulated sounds (PTs at 60dB
SL and MML) were prepared in MATLAB (MATLAB
R2015a; Mathworks, USA) with the matched tinnitus
pitch acting as the frequency of the PT carrier sounds.
SL was defined by the hearing threshold at the frequency
neighboring (i.e., lower) to the matched tinnitus fre-
quency (e.g., the hearing threshold of 3kHz when tin-
nitus frequency was matched to 3.2kHz). In the
remainder of the manuscript, the stimuli are termed as
follows (Table 1): AMI1060 refers to the AM sound
modulated with 10 Hz at 60dB SL, AM10MML to the
10 Hz AM sound at 6 dB above MML, AM4060 to the
40 Hz AM sound at 60 dB SL, AM40MML to the 40 Hz
AM sound at 6dB above MML, P60 to the PT at 60 dB
SL, PMML to the PT at 6dB above MML, and finally
AMI10U to the undetectable 10Hz AM sound 6 dB
below SL. The sum total of seven acoustic stimuli with
3minutes of duration each was produced for each par-
ticipant individually. Details regarding how stimuli were
created are indicated in the section “Sound Stimuli”” and
Figure 1 of our previous publication (stimuli in the
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current study correspond to the “AMTinnitus” stimulus
in the former study; Neff et al., 2017). The stimuli pre-
sented were matched in peak amplitude between the PT
and AM stimuli classes in both loudness regimes. As a
consequence, AM stimuli had a slightly lower root mean
square sound pressure level (<5.3dB root mean square
for the AM sounds) compared with the PT sounds;
80dBA (peak) was the upper limit for the sound level
of all stimuli, which were presented idiotically.
Participants were reminded to interrupt the procedure
whenever a sound was deemed uncomfortable. No par-
ticular instruction was given to focus their attention on
either the sound or tinnitus. Presentation sequence of the
seven stimuli was randomized for each participant. To
assess the residual tinnitus suppression of the sounds,

Table I. Overview and Nomenclature of the Acoustic Stimuli.

Stimulation
level
Modulation
rate (Hz) 60dBSL MML 4+ 6dB SL —6dB
0 P60 PMML -
10 AMI1060 AMIOMML AMI0U
40 AM4060 AM40MML -

Note. SL = sensation level; MML = minimum masking level.

participants were instructed to rate the loudness of
their tinnitus on a numeric rating scale in percentage,
compared with the prestimulation loudness (i.e.,
normal or recuperated loudness), after each stimulation
at time points 0, 30, 60, 90, 120, 150, and 180 seconds
(Neff et al., 2017; Reavis et al., 2012). Furthermore, par-
ticipants were asked to rate all stimuli in valence and
arousal on pictorial manikin scales with nine steps
(Bradley & Lang, 1994). Participants were thus shown
scales with increasing arousal states, represented by dif-
ferent stages of an explosion in the manikin’s chest
region, and increasing valence ratings, represented by a
spectrum between sad and smiling faces. At the end of
the stimulation procedure, participants again performed
the tinnitus matching task and were finally dismissed.

Data Analysis

R (R version 3.3.3; R Foundation for Statistical
Computing, Austria) was used to calculate statistics
including descriptives, Pearson correlations, and paired
samples ¢ test to test the matching outcomes as well as
the differences in evaluation of the stimuli. To investigate
the main research question, namely the difference
between modulated and unmodulated sounds at the tin-
nitus frequency, mixed effect models were computed with
the nlme package (https://cran.r-project.org/web/
packages/nlme/). After identifying an effect for position
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Figure 1. Mean hearing thresholds and matched tinnitus of all participants. Hearing thresholds: Colored ribbons indicate one standard
deviation interval for the two ears, respectively. Tinnitus matching: Cyan diamonds are indicative individual tinnitus pitch and loudness
matches. Notably, 80 dB was the upper limit for tinnitus loudness matches.
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(i.e., the order of the presented seven stimuli), the
final model consisted of fixed effects for condition (i.e.,
different acoustic stimuli), random effects for time and
subjects, and an added term for position as a covariate,
both modeled linearly and with a polynomial term
for optimal model fit. The model was fitted using the
maximum likelihood method unbiased for the fixed
effects and appropriate for the given sample size.
A priori contrasts of interest were defined between
AM and PT conditions for both stimulation level
regimes (i.e., 10 and 40 Hz AM vs. PT sounds at 60dB
SL and MML).

Given the weak effects of previous work (Neff et al.,
2017; Reavis et al., 2012; Tyler et al., 2014) and adher-
ence to statistical rigor, we report the results of two-
tailed tests. Both corrected (Bonferroni adjustment for
the number of contrasts) and uncorrected results are
reported side by side, which enables readers to draw
their own conclusions from the results presented while
we focus our discussion of results on significant and
trending (i.e., p <.1) corrected results. For the explora-
tory analysis of valence and arousal related to the
stimuli, two-tailed tests were used given the lack of a
directed hypothesis. Furthermore, Bonferroni adjust-
ment was performed for the number of contrasts.

Results
Participants’ Characteristics and Audiometry

Participants’ characteristics, questionnaire scores,
and main tinnitus matching parameters are listed in

Table 2. Mean hearing thresholds did not differ between
the two ears (left side: mean=21.21, SD =9.54; right
side: mean=20.96, SD=11.03; #28)=0.36, p=.722).
Eleven participants indicated their tinnitus location in
both ears, three inside the head, six in both ears stronger
in the left ear, four in both ears stronger in the right ear,
one in the left ear, and four in the right ear.

Tinnitus Matching

Results of the matching procedure before acoustic stimu-
lation are listed in Table 2 and plotted in the audiogram
of Figure 1. Participants’ ratings of the matched sound
and the matching procedure were high (matched sound:
mean =8.66, SD=0.936; matching procedure: mean-
=8.62, SD=1.237 [range 1-10]). Notably, all partici-
pants were able to match their single (or in three cases:
dominant) tonal tinnitus with subjectively satisfactory
results. We double-checked the outlier matching of
298 Hz (see Table 2 and Figure 1 with the participant
[i.e., with multiple upward octave shifts, oral discussion])
with no change in the resulting matched frequency.
Average time spent for the first matching run was 382
seconds (SD =207). Moreover, there were no significant
differences of matching parameters, namely tinnitus
frequency, loudness, and side, #(max)=—0.644,
p(min) =.525, between the matching procedures before
and after the actual stimulation. This further enhances
confidence in the applied matching method, which is also
reflected by high correlations between matching param-
eters of interest (tinnitus frequency: r=.826, p <.001;
loudness: r=.833, p <.001; side: r=.937, p <.001).

Table 2. Participants’ Characteristics and Tinnitus Parameters (n =29).

Mean sD Median Minimum Maximum

Age (years) 54.72 11.26 57.00 22 73
Tinnitus duration (months) 168.97 113.92 132.00 16 420
Hearing loss (both ears, dB) 21.08 10.14 19.09 3 44
SL near tinnitus frequency (both ears, dB)? 33.45 18.67 30.00 0 70
TQ total score (0-84) 36.83 17.22 40.00 10 63
THI total score (0-100) 53.10 11.26 53.00 33 71
Mini-HQ9 (0-27) 12.38 5.39 11.00 4 24
Tinnitus awareness (%) 66.00 25.74 70.00 20 100
Tinnitus loudness (%) 59.83 21.90 60.00 20 100
VAS loudness (0-100) 50.90 2.59 50.90 | 90
MML (dB) 60.28 18.05 58.00 29 80
Tinnitus loudness (matching, dB) 57.72 15.38 56.61 19 80
Tinnitus frequency (matching, Hz) 4040.66 2122.25 3530.00 298 10965
Tinnitus side (matching, 0-127) 66.66 35.53 63.00 0 127

Note. TQ = tinnitus Questionnaire (Goebel & Hiller, 1994); THI = tinnitus handicap inventory (Newman et al., 1996); Mini-HQ9 = mini hyperacusis inven-
tory (Goebel et al., 2013); VAS = visual analog scale; MML = minimum masking level.
*Nearest frequency of pure-tone audiometry to the matched tinnitus frequency.
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Tinnitus Suppression

The mean tinnitus loudness suppression profile over time
after stimulus offset is shown in Figure 2 and the single
responses in Figure 3. Notably, tinnitus suppression is
strongest 0seconds after stimulus offset for all stimuli
except AMI0U and converges toward prestimulation
loudness after 90 seconds toward 180 seconds. This pat-
tern is typical for RI (Roberts, 2007), and only a few
responses were indicative of temporarily increased tin-
nitus loudness (see Figures 3 and 4). AM sounds at
60dB SL seem to exert the strongest suppression
(AM1060 and AM4060) on average followed by their
variations at MML and the PT at 60dB SL. Finally,
PMML and AM10U produced only slight or no average
suppression, respectively. The results of the omnibus
analysis of variance for the final model are listed in
Table 3 and, in contrast to our previous study, indicative
of a significant effect for position (i.e., the presentation
order of the stimuli).

Within the mixed effects model, the contrasts
of interest between AMI1060/AM4060 and P60, and

AMIOMML/AM40MML and PMML, respectively,
resulted in a trend for the main effect of condition of
AM1060 versus P60 but not for AM4060 versus P60.
This finding substantiates the observed tendencies in
our previous article, partly confirms our hypotheses
(trend in 1 of 4 contrasts), and is related to observations
(Reavis et al., 2012; Tyler et al.,, 2014) that certain
unmodulated sounds produce less tinnitus suppression
than AM sounds. On the other hand, looking at stimu-
lation levels near the tinnitus’ actual loudness (slightly
below tinnitus loudness as in [Reavis et al., 2012] and
6dB above MML in our study), no significant results
can be observed for both 10 and 40 Hz contrasts.

As we identified an effect for position, we evaluated
this position effect in an ancillary model seen in Table 6
(Supplemental material) to probe possible influences on
the interpretation of the main results. In consequence,
and in contrast to the prima facie impression of similar
suppression curves of AM1060 and AM4060 in Figure 2,
this may explain the null-finding of the contrasts
AM4060 versus P60 in the final model with position as
a covariate.
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Figure 2. Mean tinnitus suppression after stimulus offset for all stimuli. Brackets indicate 95% confidence interval for each condition.
Two-tailed tests of significance are reported (see Table 4). Generally, AM sounds tend to elicit slightly stronger or similar tinnitus
suppression compared with PTs except the AMI0U condition. Main contrasts of interest between AM and PT conditions for both
stimulation levels show a trend toward more tinnitus suppression for AM1060 versus P60, t =2.417, p(bonf) =.064, Table 4. Notably, this
is only true for the main effect of condition and not the interaction of Condition x Time.
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Figure 3. Tinnitus suppression after stimulus offset for the single stimuli. Each line is representative of a single subject’s tinnitus loudness
growth function after stimulus offset at 0 seconds. The mean response and the standard deviation (locally weighted scatterplot smoothing)
are plotted as a thick line and a gray ribbon, respectively. Notably, the variability after stimulation offset is considerable while it converges
over time as typical in Rl (Roberts, 2007).
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Figure 4. Responder profiles of tinnitus suppression for all stimuli. Initial suppression after stimulus offset (t0) is plotted here.
Suppression of >50% compared with prestimulus tinnitus loudness is considered “good” (green), “moderate” if <50% and >0%
(light green), “same” if = 0%, and “worse” (i.e., residual excitation) if <0% (orange).

Table 3. Analysis of Variance of the Final Mixed Effects Model.

numDF F p
Intercept | 8452.589 <.001
Condition 6 22.495 <.001
Time | 7.962 .005
Poly(position, 2) 2 16.155 <.001
Condition: time 6 4.721 <.001

Note. Poly = polynomial term.

Degrees of freedom=1,377. Notably, unlike in our previous study, an
effect for position (order effect) was detected and had to be included as
a covariate in the model (see Table 6 in the Supplemental Material for the
interaction model). We observe significant effects for all main effects and
the Interaction Condition x Time.

Tinnitus suppression in the responder profile
(Figure 4) is defined as ““good” if participants rated the
tinnitus loudness to be at a level of 50% or less of the
initial loudness, “slight” at a level of 55% up to 95%,
“same” if unchanged (= 100%), and “‘worse” if loudness

was temporarily increased at stimulation offset.
Respective percentage values are plotted on the bars of
each stimulus. The observed distributions further con-
firm that the observed tinnitus suppression, or RI poten-
tial of the AM stimulus class, is especially pronounced at
high presentation levels.

Stimulus Evaluation

Valence and arousal scores for the entire set of stimuli
are plotted in Figure 5, and statistical contrasts of inter-
est are listed in Table 5. Of particular interest and partly
according to our hypotheses, valence was rated signifi-
cantly higher for AMI1060 versus P60, 7=3.480,
p(bonf) =.013, whereas only trends were observed
AM40MML versus PMML, t=2.896, p(bonf)=.058.
Taken together, these results may imply a slightly
better tolerability of the AM sounds compared with
their PT pendants, while statistical differences were
only observed for two out of four contrasts and not
for arousal at corrected significance levels.
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Figure 5. Valence and arousal rating for all stimuli. Brackets indicating 95% confidence interval for valence and arousal for each condition.
P60 exhibits lowest tolerability mirrored by high arousal and low valence ratings.

Discussion

The experimental study at hand examined the difference
between AM and PT sounds at the tinnitus frequency
regarding temporary tinnitus suppression. Specifically,
we investigated whether AM sounds with modulation
rates of 10 and 40 Hz (four sounds) induce stronger tin-
nitus suppression after stimulation than unmodulated
PTs (two sounds) within two stimulation level regimes,
namely 60dB SL and 6dB above MML (both at the
tinnitus frequency). In an additional exploratory ana-
lysis, we compared both valence and arousal of the dif-
ferent stimuli between the two stimuli classes. The aim of
this analysis was to further evaluate if AM sounds are
suitable to induce residual tinnitus suppression, or RI,
and beyond that, may qualify as possible principles for
tinnitus sound therapy.

The results, taking into account the effect of position
(i.e., presentation order of the stimuli), could not con-
vincingly show (i.e., only producing a trend) that 10 Hz
AM sounds in the matched tinnitus frequency produce
stronger tinnitus suppression on average after stimula-
tion than unmodulated PTs in the same frequency at
stimulation level 60 dB above SL. Looking at different
modulation rates (i.e., 40Hz) and stimulation levels

Table 4. Results of the Contrasts of Interest in the Final Mixed
Effects Model.

Value SE t b p(bonf)
Intercept 89.955 3469 25929 <.00l
AM[060—P60 2840 1.175 2417  0lé6 .064
AM4060—P60 1.308 1.173 I.116  .265 |
AMIOMML—PMML 2248 [.175 1914  .056 224
AM40MML—PMML  2.089 [.173  1.78I .075 3

Note. SE = standard error.

Degrees of freedom = 1,377. Main contrasts of interest between AM and
PT conditions for both stimulation levels show a trend of stronger tinnitus
suppression for AM1060 versus P60, t =2.417, p(bonf) =.064.

(i.e., 6dB above MML), we can only report nonsignifi-
cant results at the corrected level. Generally, but espe-
cially in the case of the AM4060, this may be explained
by an (unfortunate) order effect (see Tables 4 and 6). The
absent significant effects of the same contrasts at the
lowered stimulation level 6 dB above MML may be fur-
thermore explained by the inherent increased sound
energy in the stimuli at the 60dB SL level. Yet, given
the observed statistical trend and the considerably large
array of similar sound stimuli (i.e., identical regarding
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their carrier frequency at the matched tinnitus fre-
quency), these results may not come as a surprise but
rather may be better elucidated in a sleeker experimental
design where presentation level regimes are not mixed
within one experiment or experimental block. We find
this interpretation further plausible, as the narrow spec-
trum of different carrier sounds in the study at hand, in
contrast to the wide array of carrier sounds in our former
study (Neff et al., 2017), may have eased learning effects
and therefore introduced the observed position effect. In
conclusion, we only observed trends of better tinnitus
suppression properties for 10 Hz AM sounds compared
with their unmodulated pendants at 60 dB SL presenta-
tion level. These results are partly in line with previous
inconclusive findings (Neff et al., 2017; Reavis et al.,
2012; Tyler et al., 2014) in that they show a tendency
of stronger residual tinnitus suppression than commonly
used unmodulated sounds. Notably, the current study is
the first one directly comparing AM and PT sounds with
matched tinnitus tones as carriers.

The comparison between arousal and valence ratings
between modulated and unmodulated stimuli is similar
to the findings in tinnitus suppression, as AM 1060 elicits
significantly higher valence but not lower arousal (see
Table 5). Different modulation rates and stimulation
levels only produced a trend in differences of arousal
and valence between conditions of interest, namely
higher valence for AM40MML compared with PMML
(Table 5). A former study (Terry & Jones, 1986) com-
pared a variety of different tones and sounds. Their
results did not show any specific difference between
AM and PT, while filtered noises were generally less
annoying than tones. As noise stimuli were not used in
the current study, we cannot provide data on a contrast
between tones and noise at this point.

Taken together, these results indicate that tolerability
for AM sounds seems to be slightly better compared with
PTs, especially in the ratings of valence. At the same

time, the high valence ratings were usually accompanied
by low arousal ratings further supporting better toler-
ability of the AM sounds. On the other hand, it cannot
be disputed that the effect is not consistent across the
different stimulation levels and modulation rates and
almost totally absent in the case of arousal. The latter
observation may be further explained by the assumption
that arousal is a concept not directly accessible to one’s
conscious evaluation, complicating the abstract task of
judging a sound along this particular categorization
system. Future studies should consider these shortcom-
ings by elaborating on subjective evaluations of stimuli.
Nevertheless, we still conclude that the stimulus class of
AM sounds was well tolerated by participants, at least
for the stimulation duration of 3 minutes.

A possible mechanism of action for the observed tin-
nitus suppression of the AM stimulus class beyond the
respective body of knowledge in RI research (Roberts,
2007) may be neural (or cortical) entrainment which nor-
malizes aberrant neural oscillations acting as putative
correlates of tinnitus (Reavis et al., 2012) or other
pathologies (e.g., in pain with alpha entrainment [Ecsy
et al., 2017] or in schizophrenia with gamma entrainment
[Voicikas, Niciute, Ruksenas, & Griskova-Bulanova,
2016]). A respective entrainment of neural oscillations
may be especially relevant for specific frequency bands
in tinnitus like alpha (Weisz, Moratti, Meinzer,
Dohrmann, & Elbert, 2005) or gamma (Ashton et al.,
2007; Sedley et al., 2012; Weisz, Dohrmann, & Elbert,
2007). Yet, the exact role of these frequency bands in the
tinnitus pathology is still under debate. In any case, we
agree with the considerations of Reavis et al. (2012) that
modulated sounds, contrary to noise or PTs that mostly
produce onset and offset auditory cortical activity, may
produce sustained acoustically driven activity that may
help restructure cortical firing patterns away from those
that generate tinnitus. A comparable model has been
postulated where prolonged tinnitus suppression or RI

Table 5. Paired Differences of Valence and Arousal Between Stimuli Contrasts of Interest.

Mean difference Cl Lower Cl Upper t p p(bonf)
V_AMI1060-V_P60 1.241 0.511 1.972 3.480 .002 013
A_AMI1060-A_P60 —0.759 —1.503 —0.014 —2.087 .046 .369
V_AMIOMML-V_PMML 0.552 —0.320 1.424 1.296 206 999
A_AMIOMML-A_PMML —0.138 —1.005 0.729 —0.326 747 999
V_AM4060 - V_P60 1.069 0.213 1.925 2.557 0leé .130
A_AMA4060- A_P60 —0.828 —1.502 —0.153 —2.512 018 .144
V_AM40MML -V_PMML 1.310 0.384 2.237 2.896 .007 .058
A_AM40MML-A_PMML —0.724 —1.693 —0.245 —1.530 137 999

Note. Cl = confidence interval of 95%; V =valence; A =arousal.

Valence of AMI1060 is significantly higher than P60, t=3.480, p(bonf) =.013, whereas a trend is reported for higher valence of AM4OMML versus PMML,

t=2.896, p(bonf) = .058.
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may be explained by inhibition of central synchrony via
feedforward projections (Noreiia & Eggermont, 2003;
Roberts et al., 2010). AM sounds in the alpha band
may also have an influence on tinnitus maintenance or
attentional networks through a temporary up-modula-
tion of alpha networks driven by the auditory stimulus.
This up-modulation may then reinstantiate the shifted
brain network homeostasis in tinnitus (e.g., the decay
of wide-spread alpha networks, [related] increase of
gamma networks [Schlee, Hartmann, Langguth, &
Weisz, 2009]). Regarding possible alpha entrainment,
we cannot rule out effects of general relaxation
(Hartmann, Lorenz, Miiller, Langguth, & Weisz, 2013)
or mere attentional processes, as the alpha band is at the
lower bound of the spectrum of entrainable oscillations
(Joris, Schreiner, & Rees, 2004; Picton et al., 2003). At
this point, we also embrace the possibility of similar
effects produced by stimuli with modulation rates other
than 10 or 40 Hz, particularly covering frequency bands
higher than 40 Hz (e.g., 20100 Hz electrical stimulation
of the cochlea [Zeng et al., 2011]). Yet, with increasing
modulation frequency (>40 Hz), modulated acoustic sti-
muli start to produce residual tones (Joris et al., 2004)
and furthermore elicit less cortical entrainment (Picton
et al., 2003).

Taking an all-embracing point of view given the vari-
ous systems of the auditory hierarchy from the inner ear
to the brain influenced by acoustic stimulation, it may be
conceivable that the observed suppression effect of AM
or generally modulated sounds is a conglomerate of
altered activity in the auditory pathway, central auditory
cortex, and widespread cortical network activation as
sketched earlier. To continue this line of research,
entrainment and RI effects should therefore be studied
using electro- or magnetoencephalographic methods
where direct causal relationships between cortical
entrainment, RI, and tinnitus suppression can be
tested. Beyond that, the influences of the putative
entrainment mechanism and the mere RI effect of the
carrier sound (here: matched tinnitus frequency) have
to be differentiated to better understand the individual
and joint mechanisms of action on tinnitus suppression.

Limitations

Unfortunately, five participants did not meet the criter-
ion of bilateral tinnitus contrary to their declaration
during recruitment and the informed consent procedure.
At this point, we would like to point to a possible inapti-
tude of tinnitus sufferers to generate valid self-reports of
tinnitus characteristics (Pryss et al., 2018) and also to
fluctuations of the tinnitus percept over time (Probst
et al., 2017). Certainly, this issue should be considered
in future studies and respective audiometric features of
tinnitus specifically tested at the recruitment or informed

consent stage of the study’s proceedings. In this study, all
participants were consequently stimulated idiotically to
adhere to the study protocol.

More importantly, AM stimuli with pure-tone carriers
naturally introduce sidebands alongside the carrier
sound (Zwicker & Fastl, 2013), which in turn may gen-
erate off frequency patterns of activation and distortion
products on the basilar membrane. These phenomena
could produce a different and possibly greater afferent
drive on the auditory system. The (increased) auditory
input related to the sidebands may therefore explain the
larger tinnitus suppression by the AM sounds in our
results. As the study at hand does not allow for further
insights on this issue, future studies could take this issue
into account by increasing the number and range of
tested modulation frequencies. In such a research
design, sideband parameters could then be included
and tested in statistical modeling of the tinnitus suppres-
sion as predictors or covariates.

Finally, the position effect emerging from the data
and included in the final fitted model was detrimental
on significance levels of the main contrasts of interest.
Future studies should therefore consider smaller stimuli
sets, a shorter stimulation duration per stimulus and
more repetitions in a well-balanced randomized design.

Conclusion

Despite the mentioned limitations and inconclusive
results as well as mechanisms of action, we conclude
that AM sounds in the matched tinnitus frequency are
effective in temporarily suppressing tinnitus. This conclu-
sion is substantiated by similar or slightly stronger tin-
nitus suppression or RI effects of AM compared with PT
sounds and slightly better tolerability of the AM stimu-
lus class by tinnitus sufferers. Future work should focus
on understanding the neurophysiological correlates of
the observed suppression effects during and after the
acoustic stimulation as well as on testing long-term
effects of the approach. Given the efficacy, tolerability,
and simplicity of use, we furthermore propose the stu-
died stimulus class as a suitable principle to be tested for
masking or long-term tinnitus sound therapy.
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Abstract

Background: The phenomenon of short-term tinnitus sup-
pression by different forms of acoustic stimulation is referred
to as residual inhibition (RI). Rl can be triggered in the major-
ity of tinnitus cases and was found to be depending on the
used intensity, length or types of sounds. Past research al-
ready stressed the impact of noise stimulation as well as the
superiority of amplitude modulated (AM) pure tones at the
individual tinnitus frequency for Rl in tonal tinnitus. Recent-
ly a novel approach for the determination of noise-like tin-
nitus characteristics was proposed. Objectives: The aim of
the present study was to investigate whether in participants
with noise-like tinnitus Rl can be increased by AM noise stim-
uli according to the individual tinnitus frequency range.
Methods: For this purpose the individual tinnitus character-
istics (noise-like and tonal tinnitus) of 29 people affected by
tinnitus (mean age = 55.59, 7 females, mean tinnitus dura-
tion =159.97 months) were assessed via customizable noise-
band matching. The objective was to generate bandpass fil-

tered stimuli according to the individual tinnitus sound (in-
dividualized bandpass filtered [IBP] sounds). Subsequently,
various stimuli differing in bandpass filtering and AM were
tested with respect to their potential to induce Rl. Partici-
pants were acoustically stimulated with 7 different types of
stimuli for 3 min each and had to rate the loudness of their
tinnitus after each stimuli. Results: Results indicate a gen-
eral efficacy of noise stimuli for the temporary suppression
of tinnitus, but no significant differences between AM and
unmodulated IBP. Significantly better effects were observed
for the subgroup with noise-like tinnitus (n = 14), especially
directly after stimulation offset. Conclusions: The study at
hand provides further insights in potential mechanisms be-
hind Rl for different types of tinnitus. Beyond that, derived
principles may qualify for new or extend current tinnitus

sound therapies. © 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction
Chronic subjective tinnitus is defined as the perma-

nent perception of a sound such as ringing or hissing in
the absence of an external or internal source of noise. Ap-
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proximately 10-15% of the population in industrial coun-
tries experience this phantom sound [Langguth et al.,
2013; Erlandsson and Dauman, 2013; Heller, 2003; Hall
et al., 2011]. Causes for the development of tinnitus are
divergent and not completely understood, though most
commonly tinnitus occurs towards cochlear damages due
to noise trauma [Langguth et al., 2013]. In the majority of
cases, the perceived tinnitus pitch is in accordance with
the frequency spectrum of hearing loss (HL) [Basile et al.,
2013; Roberts et al., 2008]. As a consequence of decreased
or absent auditory input and the subsequent deficiency of
neural input, maladaptive pathological changes in the au-
ditory pathway are formed, which lead to the perception
of a “phantom sound” defined as tinnitus [Eggermont,
2007; Eggermont and Tass, 2015; Eggermont and Rob-
erts, 2012]. Neurophysiological investigations of tinnitus
were able to demonstrate hyperactivity in auditory brain
areas [Farhadi et al., 2010; Folmer, 2007] as well as aber-
rant oscillatory brain activity and connectivity patterns
[Schlee et al., 2009, 2014; Moazami-Goudarzi et al., 2010;
Mohan et al., 2016]. Available treatment options have
only limited efficacy and to date there is no cure available
[Baguley et al., 2013]. Auditory stimulation is one poten-
tial treatment approach for tinnitus, but also provides in-
sights to basic mechanisms of tinnitus [Roberts et al.,
2008; Fournier et al., 2018].

Almost half a century ago, Feldmann [1971, 1983] in-
vestigated the phenomenon of short-term tinnitus sup-
pression after sound stimulation. This temporary sup-
pression is referred to as “residual inhibition” (RI), which
manifests in individual suppression patterns (i.e., dura-
tion, depth and shape) and can be triggered in 60-80% of
tinnitus cases [Roberts, 2007; Vernon and Meikle, 2003].
Various recent studies scrutinized Rl in more depth. Data
from several investigations suggest the effects of RI to be
more prominent with sounds close or within the indi-
vidual tinnitus frequency spectrum [Roberts et al., 2006,
2008; Schaette et al., 2010]. Factors including duration or
intensity of the stimuli also affect RI [Terry et al., 1983;
Norena et al., 2002; Vernon and Fenwick, 1984; Neff et
al., 2017]. In contrast, the underlying neurophysiological
mechanisms of RI are not clearly understood yet [Rob-
erts, 2007; Galazyuk et al., 2019]. Most recent work sug-
gests that tinnitus suppression through sound stimula-
tion is related to reduced spontaneous firing of central
auditory neurons [Galazyuk et al., 2017, 2019].

The importance of stimulation intensity and frequen-
cy was verified in a recent work from Fournier et al.
[2018], who developed a novel approach for RI testing
described as Minimum RI Level. Thereby, people had to
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adjust the intensity of customized stimuli up to the point
where their tinnitus is suppressed during a given interval
after the offset of the stimulus. Results show an occur-
rence of RI in 86.7% of people with tinnitus by using this
method [Fournier et al., 2018].

Despite noise-like tinnitus perception in many cases,
to the best of our knowledge, none of the previous men-
tioned studies included a genuine matching for noise-like
tinnitus, that is, determination of noise band-width [Rob-
erts et al., 2006; Fournier et al., 2018].

Recently Henry et al. [2013] proposed a novel ap-
proach for tinnitus matching procedures taking into con-
sideration the tinnitus type. In addition to the determina-
tion of the centre frequency, people with tinnitus were
also able to adjust the band-width of their tinnitus [Hen-
ry et al,, 2013]. Here we aim to use both frequency and
band-with information to develop individualized stimuli,
especially for people with noise-like tinnitus, for the in-
vestigation of RI.

Previous studies investigating the effects of differently
modulated sounds on RI revealed that amplitude modu-
lated (AM) tones near or at the individual tinnitus fre-
quency result in larger RI [Reavis et al., 2012; Tyler et al.,
2014]. Furthermore, differential results for specific am-
plitude modulation rates were observed [Neff et al., 2017,
2019].

The experiment aims at investigating the effects of dif-
ferent noise stimuli with and without AM on RI. The
overarching goal is to establish new acoustic stimulation
techniques for basic RI research as well as generating
principles for possible future sound stimulation concepts
with the AM stimulus class. For this purpose, the indi-
vidual tinnitus characteristics are assessed via noise-band
matching as suggested by Henry et al. [2013] in order to
create personalized stimuli for RI examination.

Previous studies in the field of RI already emphasized
the impact of noise stimulation on tinnitus perception in
tonal tinnitus [Henry et al., 2013; Fournier et al., 2018;
Roberts et al., 2006, 2008]. To the best of our knowledge,
none of the existing experiments systematically investi-
gated these noise stimulation methods, in particular the
application of AM or bandpass filters (BP) to noise stim-
uli, in noise-like tinnitus.

According to this, the current experiment represents
the first attempt to investigate the effects of an adminis-
tration of individualized BP settings (IBP) and different
rates of AM (10 and 40 Hz) to white noise (WN) on RI.

These stimulation methods are furthermore merged to
a novel combinatory approach to apply IBP and AM to
WN simultaneously and scrutinize its efficacy in RI.

Schoisswohl/Arnds/Schecklmann/
Langguth/Schlee/Neff



Additionally, each of the used stimuli was examined
with regards to induced arousal and valence as rated by
the participants, since differences in stimuli evaluation
could potentially affect tinnitus suppression.

Besides the assumption of the efficacy of all deployed
noise stimuli in short-term tinnitus inhibition (in both
noise-like and tonal tinnitus), we expect that IBP differs
in its effects on RI from unadjusted WN. We hypothe-
sized that the IBP would result in different strengths of
residual tinnitus suppression compared to WN. Yet, giv-
en the lack of previous studies we are not able to define a
directed hypothesis here. Furthermore, building on the
insights of previous work, we hypothesize that stimula-
tions with AM noise (filtered or unchanged) result in
larger RI than their unmodulated counterparts.

Methods

Participants

The sample for this experiment consisted of 29 participants (7
female) between 18 and 75 years with noise-like (n = 14) or tonal
tinnitus (n = 15) with a tinnitus duration of >6 months. Partici-
pants were recruited from the Interdisciplinary Tinnitus Centre in
Regensburg, Germany. For detailed sample characteristics see Ta-
ble 1. Primary inclusion criteria were no somatic, mental health or
neurological conditions and no current intake of psychotropic
medications or substances. Alike, participants were not allowed to
participate in other tinnitus-related studies. The methods and the
procedures used in this study were examined and approved by the
local Ethics Committee of the University of Regensburg (16-101-
0061). All participants were sufficiently informed about the aim,
methods, and duration of the study, possible side effects, and gave
written informed consent prior to the start of the experiment.

Psychometry

Each participant filled in an online survey composed of Ger-
man versions of the Tinnitus Handicap Inventory [Newman et al.,
1994; Kleinjung et al., 2007], the Tinnitus Questionnaire (TQ)
[Goebel and Hiller, 1994; Hallam et al., 1988], a brief version of the
Hyperacusis Questionnaire (mini-HQ9) [Goebel et al., 2013] and
the Tinnitus Sample Case History Questionnaire for tinnitus-re-
lated clinical and demographic information [Langguth et al,
2007].

Audiometry

For the purpose of individual hearing threshold determination,
frequencies ranging from 125 Hz to 8kHz in octave steps including
semi-octave steps between 0.5 and 1 (i.e., 0.75 kHz), 1 and 2 (i.e.,
1.5 kHz), 2 and 4 (i.e., 3 kHz) and 4 and 8 kHz (i.e., 6 kHz) were
quantified with a clinical audiometer (Madsen Midimate 622D;
GN Otometrics, Denmark). Sennheiser HDA 2000 headphones
(Sennheiser, Germany) were used for audiometric measurements,
subsequent tinnitus matching and acoustic stimulation. Minimum
masking level (MML) was assessed by increasing the loudness of a
WN sound (Madsen Midimate 622D; GN Otometrics, Denmark)
until their tinnitus was completely masked.

AM Noise for Tinnitus Suppression

Tinnitus Matching

In order to ascertain participants individual tinnitus pitch, the
Method of Adjustment approach [Henry et al., 2013] was per-
formed with a custom-made MAX application (MAX 7; Cy-
cling’74, USA) together with a modular hardware controller (Pa-
lette Expert Kit; Palette, Canada). The matching procedure’s steps
were in accordance with the order within the Tinnitus Tester pro-
cedure [Roberts et al., 2008] with an additional test for octave con-
fusion at the end. Prior to tinnitus matching, participants were
asked to vocalize or describe their tinnitus to distinguish between
noise-like and tonal tinnitus types as indicated in the recruiting
process. Following on that, they were instructed and trained for the
process of tinnitus matching. Parameters examined by the match-
ing procedure were as follows: tinnitus frequency, respectively
centre frequency for noise-like tinnitus (Hz), tinnitus loudness
(dB) and tinnitus laterality (0 = left ear; 127 = right ear; thus a
value of 63 describes a bilateral tinnitus). Control units of the
matching controller were labelled accordingly. The step size of fre-
quency dial was marginally below a semitone and ranged from
40 Hz to 16 kHz. For tonal tinnitus matching, a 3 kHz pure tone
with comfortable loudness was set as a starting point, followed by
an adjustment of the frequency by the participants to determine
their individual tinnitus frequency. Finally, tinnitus loudness and
laterality were adjusted with the matching controller to complete
the matching procedure. In case of noise-like tinnitus, the starting
sound was a filtered broadband noise (bandwidth: 1/3 octave of
centre frequency). Participants were able to adjust the centre fre-
quency of the noise and also the bandwidth of the filter settings
according to their individual tinnitus noise. Subsequently, loud-
ness and laterality were identified just as with the pure tone match-
ing. Finally, participants rated the agreement of their tinnitus with
the matched sound on a 1-10 scale. To assess individuals sensation
level (SL), the hearing threshold of the frequency next to the indi-
vidual tinnitus frequency or centre frequency was used (i.e., step-
ping down to the next lower frequency. For example, if the indi-
vidual tinnitus frequency was 7.4 kHz, the hearing threshold at
7 kHz was investigated). The matching procedure was repeated
after the acoustic stimulation block of the experiment.

Acoustic Stimulation

Seven different modified noise stimuli were created in MAT-
LAB (Matlab R2015a; Mathworks, Natick, MA, USA) and utilised
for a 3 min acoustic stimulation with an intensity of 60 dB SL.
Stimuli set consisted of unmodified WN, WN with AM rates at
10 Hz (WN10) and 40 Hz (WN40), as well as a IBP with the same
modulation rates (IBP, IBP10, IBP40). BP width was set according
to the matching results in noise-like tinnitus participants. In par-
ticipants with tonal tinnitus, the previously matched individual
tinnitus pitch was used to deploy an IBP to WN with a range of one
octave [Pantev et al., 2012]. Furthermore an IBP WN with 10 Hz
AM rates at MML intensity (IBP10_MML) was used for acoustic
stimulation in order to contrast SL and MML. Acoustic stimula-
tion was conducted in a randomized order for each session with a
maximum loudness of 80 dBSPL diotically over the headphones.
If participants experienced discomfort, they were able to stop the
stimulation and experimental procedures at any time. Following a
3-minute stimulation for each stimulus, participants evaluated
their tinnitus loudness (%) in comparison to prior the particular
stimulation on a numeric rating scale (0% up to 140% in 10% steps)
at 7 different points in time (0, 30, 60, 90, 120, 150 and 180 s after

Audiol Neurotol 2019;24:309-321
DOI: 10.1159/000504593

311



*$SaUPNO] snyruur) 3[eds JoeUY [BNSIA ‘SSAUPNO SY A @areuuonsanb sisnoeradAf rutur ‘6O H-Tutjy L1ojuasut destpuey snyruur ‘[H 1, areuuonsanb snyruurn Q) I, SWNUWITXLUT XeA] SWNWTUTUT ‘UTJA] SUBTPIUT ‘PIA

LL0T 06'1C 18°CC
¥00 0045 00'LL 0071 0019 F09°€S 008 00’8 00°0¢ F6LSE 008 00'8 00°9¢ T00'SY (001-0) $S9UPNO SY A
(8T°57) L9 8% 9L
€60 600~ 00T 00T 008 FOVIT 0002 00’ 0S'TT FITTI 00'%C 00T 00'TT FICTI (£2-0) 6DH
S8°1C 60T 95°7T
€80 (9297)TT0  000L 007 00'7€ FEI'SE 0086 009 009¢ F00°0¥ 0086 007 00'7€ F€0'6€ (001-0) 2108 [e103 THLL
(06'97) 8781 €091 1691
(70 9€'0~  00'8S 00701 00'5€ TOVE 0009 002 00'1€ FL0°TE 0009 002 00°TE T8C°€E (78-0) 21098 [2103 DL
(6£72) 8T°LI vLIT 8061 (onea Sutsstu )
18°0 ¥T0-  00'SS 00'S 00's€ Fecee 00°0Z 00°S 00's€ HEIE 00°0L 00' 00°s¢ F05°T€ (dp) [PA9] uonesusg
(T1%0) igal 06'LT 7891
700 0Tz~ 0008 00'T¥ 0025 FLV'09 009Z 0002 0507 VLY 0008 00°0T 00°sS FLUVS P ‘[PA] Sun{sewr wnwIruIy
968 6L 11 T€01
050  (ST¥D) 690  LTTE 8T°¢ 1661 FL6'ST SYop 79’ 16°ST TL9'8T SYop 8T'¢ 16'ST FLTL 4p y8u ssof Surreoy
198 SYTI 66'6
S50 (6170090  8I'€E 607 LTL1 788°91 798¢ €L 79'81 TOT'61 79'8¢ €LT LTLT 786'L1 4p Y] sso] Sutreay
STT S6'T ShT
200 00'8ST 009 00T 007 €Y 0071 00°€ 0s°s 7679 0071 00T 00'S FLUS utw ‘qSud] ¢ Sunpiey
907 65°€ 9y
100> 00041 0061 00% 008 78'8 00LT 009 00'ST F0S°€T 00'6T 007 00'TT FLOTT urw ‘qSud] 1 Surgiey
(z5°92) €601 POTI (a8 21 7 Surgrew
100> €% 19%8 16'sh 1L TLE'IL oL 88'9¢ 8T1S TL8°€S 19%8 88'9¢ 7569 F€TE9 - (1dSgPp) ssupnof smuury,
(¥697) 6701 86°01 7el 1 Suryoyew
100> 9%~ 1978 9¢°Ts ST'SL FLSEL 98'¢/ SLOV s 786'SS 1978 SLOp 9569 F80°59 - (1dS4Pp) ssoupnof snytuuL,
£8°086°T 7 Suryjewr
00996 00 1L¥'T 00°L19°S FEL'ERY'S - (zH) £ouanbaiy snyruury,
$S'€68°1 1 Surgojewr
00'7€£6 00'96LC 00'105°S FLTS6ES - (zH) ouanbayy smyruury,
S8'8FLE 7 Suryojewr
00'86T°€T 00°€2S 00°08T% FLOESYS - (zH) £ouanbayy anua)
76'819'T 1 Sunyorew
00'10€°8 00'789°T 00°66€°S FITHOV'S - (zH) £ouenbay anuap
(56'97) 00°06 87°08 L6
200 S¥Z- 0002 0009 00061 FOV'L6T 00°07T 0002 00201 798611 00°0T¥ 0002 00191 F665T SYIUOW VORI SIYTUUL,
P01 1872 156
0 (€8S 6ST 0099 00T 0075 TLO'ES 00'1Z 00°S¥ 0009 705'8S 00'1Z 00'7T 00°£S F65°5S seaf 93y
anpea d n/gp)1 Xejy ury PN QS F Uy XeN uN PN as ¥ ueay XeN Uiy PN as ¥ uedy
(og/ysrygey)
€10 Y1/1/0 LIIY /vy Aypesayer smyruun,
€00 (1) st 9)v1 (2) 6T (Srewdy) BquinN
anpea d snjIuur) [euo, SMTUUL) I[-3SION odures [ejo],

sonysLIgjoeIeyd o[dures *| ajqeL

Schoisswohl/Arnds/Schecklmann/

Langguth/Schlee/Neff

309-321

24:

>

Audiol Neurotol 2019

312

10.1159/000504593

DOI



Hearing threshold, dB HL

Hearing threshold, dB HL

Noise-like tinnitus

Ear
ML
0 X -0
©OR
10 10
20 4 - 20
-
[a
(%]
30 4 F30 o
©
a
40 40 2
©
>
o
50 F50 «»
2
=
C
60 60 =
70 70
80 - 80
90 90
T T T T T T T T T T
0.125 0.25 0.5 0.75 1 2 3 4 6 8
Frequency, kHz
Tonal tinnitus
Ear
0 N L0
)
[c= R R "
10 7N 10
20 - 20
-
o
wv
30 4 F30 o
©
40 - L0 2
©
>
o
50 - 50 E
‘c
c
60 60 =
70 - 70
80 80
90 90

T
0.125

T T T T T T T

T
0.25 0.5 0.75 1 2 3 4 6 8
Frequency, kHz

Fig. 1. Audiometry and Tinnitometry. Audiometric measurement results for both ears together with individual
tinnitus frequency (i.e., centre frequency of the IBP) and loudness as identified by tinnitus matching split for
noise-like and tonal tinnitus. It should be noted, that tinnitus/centre frequency overlaps with the frequencies of
HL. HL, hearing loss.
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Fig. 2. Tinnitus loudness time curve split by group. For each stim-
ulus the tinnitus loudness rating over all time points is plotted sep-
arated for noise-like and tonal tinnitus (CIs at 95% shown as brack-
ets). Overall, each stimulus was able to suppress tinnitus loudness
(cf. online suppl. Table S1). In terms of suppression averaged over
time but also at TO, stimulus IBP appeared to produce the strongest

stimulation offset). Moreover, participants rated the induced va-
lence and arousal of each single stimulus with pictorial manikin
scales [Bradley and Lang, 1994].

Statistical Analysis

All statistical analyses were performed using the statistic soft-
ware R (R version 3.4.3; R Foundation for Statistical Computing,
Austria) and the packages “psych,” “emmeans,” “sjstats,” and
“Ime4.” Tinnitus loudness and stimulus evaluation data were ana-
lysed by means of linear mixed effect models for each dependent
variable denoted as response (tinnitus loudness, valence, arousal).
Potential Models were compared with Likelihood Ratio Tests in a
step-wise selection approach [Harrison et al., 2018]. Following

314 Audiol Neurotol 2019;24:309-321
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effect on loudness in the noise-like tinnitus group, whereas in the
tonal group, stimulus IBP40 induced the lowest tinnitus loudness
on average. However, directly after stimulation WN40 showed the
strongest suppression. WN, white noise; MML, minimum mask-
ing level; IBP, individualized bandpass filtered.

predictors as well as their interactions were tested in the model fit-
ting procedure: condition (stimuli used; see acoustic stimulation
section), group (noise-like tinnitus, tonal tinnitus), time (0, 30, 60,
90, 120, 150, 180 s after stimulation end), gender (male, female),
age, tinnitus duration, tinnitus loudness (according to first tinnitus
matching), MML and tinnitus distress (TQ sum score). The pro-
portion of explained variance was identified by marginal (variance
of the fixed effects) and conditional (variance of fixed and random
effects) R? [Nakagawa et al., 2017]. In any of the fitted models, the
participant (id) was treated as a random effect. Fixed effects of the
final model were tested via expected mean square approach. Post-
hoc Tukey tests were calculated to contrast responses for condition
and group. In order to test for a potential bias due to the sequence
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of the stimuli used for acoustic stimulation (position effect), a me-
dian split was conducted on the positions variable and differences
in means were then tested with Student ¢ tests.

Analysis of descriptive group differences (noise-like vs. tonal
tinnitus) for parametric variables was done by the means of two-
sample t tests. In case of violation of normal distribution and ho-
moscedasticity, non-parametric testing via independent sample
Mann-Whitney U tests was used. Categorical data was analyzed by
Fisher’s exact tests, due to cell frequencies below 5 in all variables.

Reliability for the matching procedure (between first and sec-
ond matching round) was assessed via Pearson correlations, or
rather Spearman correlations in case of a violation of normal dis-
tribution, for tinnitus loudness and tinnitus or centre frequency.
Statistical significance was defined as p < 0.05 for all analysis.

Results

Participant Characteristics

Demographic and clinical characteristics for the whole
study sample and for tinnitus sub-groups (noise-like and
tonal tinnitus) can be found in Table 1. A Fisher’s exact test
was able to identify a significant association between gen-
der and the type of tinnitus. In the group with tonal tinni-
tus the proportion of female participants was significantly
lower (p = 0.03). Statistical testing revealed significant dif-
ferences in terms of tinnitus duration and subjective rating
of tinnitus loudness (VAS loudness), with the noise-like
tinnitus group showing a shorter duration of tinnitus
([26.95) = —2.45, p = 0.02) and evaluating their tinnitus loud-
ness lower (U = 57.00, p = 0.04). Further, no differences
were found in TQ (fj2690) = —-0.36, p = 0.72), Tinni-
tus Handicap Inventory (f2626] = 0.22, p = 0.83) or HQ9
(t[25.28) = —0.09, p = 0.93) scores among the 2 subgroups.

Audiometry and Tinnitometry

Table 1 shows audiometric and tinnitus matching re-
sults with a significant lower tinnitus loudness (corre-
sponding with subjective loudness rating; see the descrip-
tives section above) for both matching procedures
(matching 1: £[56.94] = —4.66, p < 0.01; matching 2: t6 5 =
-4.31, p <0.01) and MML (f[24.12) = -2.20, p = 0.04) in the
group of noise-like tinnitus. On the basis of a consolida-
tion of these audiometric and tinnitometric findings, Fig-
ure 1 indicates an overlap of tinnitus frequency with the
frequency of HL. As might be expected, the length of the
first and second matching process was significantly short-
er in the tonal tinnitus group (cf. Table 1). Mean HL dif-
ference for both ears were not significantly different be-
tween groups (left: t[5419] = 0.60, p = 0.55; right: f[p4,5) =
0.69, p = 0.50). In both groups, the HL was more pro-
nounced on the left side.

AM Noise for Tinnitus Suppression

Table 2. Fixed effect testing

numDF  denDF F p value
Condition 6.00 1,392.00 3.35 <0.01
Time 6.00 1,392.00 39.84 <0.01
Group 1.00 29.00 5.04 0.03
Time x group 6.00 1,392.00 15.17 <0.01

numDF, degrees of freedom numerator; denDF, degrees of
freedom denominator.

There were positive significant correlations between
the first and the second matching for tinnitus loudness
(noise-like: r = 0.77, p < 0.01; tonal: r = 0.73, p = <0.01) in
both groups. With respect to tinnitus/centre frequency a
positive significant correlation was only observed in the
tonal tinnitus group (noise-like: » = 0.14, p = 0.64; tonal:
r=0.65, p = <0.01).

Acoustic Stimulation

Prima facie, the stimulus IBP40 appeared to produce
the strongest tinnitus suppression regardless of group and
time (M = 86.16, SD = 25.60), whereas at time point TO
(immediately after stimulation offset), WN40 induced the
lowest tinnitus loudness (M = 73.10, SD = 41.76). Descrip-
tive statistics for the 7 utilized stimuli averaged over time
and for time point TO are listed in online supplementary
Table S1 (see www.karger.com/doi/10.1159/000504593
for all online suppl. material) for the whole sample and
divided for subgroups. Figure 2 shows the time curve for
all stimuli with respect to tinnitus loudness ratings, in the
same manner online supplementary Figure S1 provides
information about single subject responses for each stim-
ulus. No confounding effect caused by the order of the
stimuli in the stimulation sequence was detected by our
analysis (f[121560) = 0.09, p = 0.93) and therefore stimuli
order was not entered in the final model fitting procedure.
In accordance with the previous described model fitting
approach (cf. section statistical analysis in methods part),
we were able to identify the following model with the best
fit to our data: response ~ condition + time x group + (1|id).
Detailed results of the model fitting are outlined in online
supplementary Table S2. By testing the fixed effects of the
model via expected mean square approach, significant ef-
fects for condition, time, group and for the interaction
time x group on tinnitus loudness were observed (cf. Ta-
ble 2). Subsequent post-hoc contrasts for condition failed
to find statistically significant differences in tinnitus loud-
ness ratings with respect to the applied stimuli (Table 3).
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Table 3. Post-hoc Tukey contrasts for condition Table 4. Post-hoc Tukey contrasts for group

Contrast Estimate ¢ p value Contrast Estimate t p value

IBP - IBP10 -1.53 -1.06 0.94 Tonal vs. noise-like 12.65 2.17 0.04

IBP - IBP10_MML -4.38 -3.05 0.04

IBP - IBP40 1.08 0.75 0.99 Degrees of freedom = 31.15; SE = 5.84.

IBP - WN -2.76 -1.92 0.47

IBP - WN10 -2.17 -1.51 0.74

IBP - WN40 -0.34 -0.24 >0.99

IBP10 - IBP10_MML -2.86 -1.98 0.42 . L. . L.

IBP10 — IBP40 261 1.81 054 Interestingly, a significant difference in tinnitus loudness

IBP10 - WN -1.23 -0.86 0.98 ratings between the 2 subgroups was revealed indepen-

IBP10 - WN10 -0.64 -0.44 >0.99 dently of condition and time as exemplified in Table 4 and

igg}g _MV;\,/II\IIJALO [BP40 5134113 (3)23 83213 Figure 3 (noise-like: M = 82.14, SD = 26.68; tonal: M =

3 - i . <0. _ . - - i

IBP10_MML — WN 163 113 0.92 94..79,.SD = 1.6.44, t[3.1_15] =2.17,p =0.04). Op the basis of

IBP10 MML — WN10 222 1.54 0.72 a significant interaction among group and time, we con-

IBP10_MML — WN40 4.04 2.81 0.08 trasted the mean tinnitus loudness for each group for all 7

IBP40 - WN -3.84 -2.67 0.11 time points after stimulation. Our results point out a sig-

1BP40 - WN10 -3.25 =226 0.27 nificant difference between the groups only at TO (noise-

IBP40 — WN40 -1.43 -0.99 0.96 Toae N — _ . N — _ .
like: M = 63.98, SD = 36.49; tonal: M = 90.19, SD = 28.01;

WN - WN10 0.59 0.41 >0.99 _ . of Tabl

WN - WN40 241 1.68 0.63 t3s.40) = 4.27, p < 0.01; cf. Table 5).

WN10 - WN40 1.82 1.27 0.87

Degrees of freedom = 1,410.23; SE = 1.44. IBP, individualized
bandpass filtered; MML, minimum masking level; WN, white
noise.
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Stimulus Evaluation

Arousal

As pointed out in online supplementary Table S3 and
Figure 4, emotional stimuli evaluation for the whole group
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Fig. 4. Valence and arousal rating per stim-
uli. Parentheses show 95% CI for arousal 3
and valence ratings for all stimuli. Lowest
tolerability was found in WN40 as indicat-
ed by high arousal and low valence stimu- 2
lus valuation, whereas stimulus IBP10_ > 3 4 : 6 7
MML shows the highest tolerability. WN, A |
white noise; MML, minimum masking lev- rousa
el; IBP, individualized bandpass filtered.
Table 5. Post-hoc Tukey contrasts for group x time Table 6. Fixed effect testing — arousal and valence
Contrast Estimate t p value numDF  denDF F p value
Tonal vs. noise-like Arousal condition 6.00 174.00 5.17  <0.01
Time Valence condition 6.00 174.00 325  <0.01
0 26.21 4.27 <0.01
30 20.05 3.27 0.10 numDF, degrees of freedom numerator; denDF, degrees of
60 13.61 2.22 0.62 freedom denominator.
90 9.91 1.62 0.93
120 7.61 1.24 >0.99
150 5.54 0.90 >0.99
180 5.59 0.91 >0.99 Valence

Degrees of freedom = 38.40; SE = 6.13.

identified the highest arousal ratings for stimulus IBP40,
while IBP10_MML expectably manifested in the lowest
arousal values. Model fitting proceedings identified the
subsequent model with the best fit for our arousal data: re-
sponse ~ condition + (1]id) (cf. online suppl. Table S4).
Fixed effect testing detected a significant effect for condi-
tion (cf. Table 6). Ensuing post-hoc contrasts revealed sig-
nificant differences in arousal ratings for IBP versus IBP40
(tiiso.21) = —3.08, p = 0.04), IBP10 vs. IBP10_MML ({15021,
— 2.98, p = 0.05), IBP10_MML versus IBP40 (f{15021]
433, p < 0.01), IBP10_MML versus WN10 (f[15021]
-3.66, p < 001), and IBP10_MML vs. WN40 (t[180.21]
-4.04, p < 0.01). Post-hoc analysis results are reported in
Table 7; relevant significant results are highlighted in bold.

AM Noise for Tinnitus Suppression

In line with the descriptive arousal results, IBP10_
MML had the highest ratings for valence, whereas stimu-
lus WN40 was evaluated with the least valence (cf. online
suppl. Table S3; Fig. 4). Same model structure was fitted
as for the arousal data (cf. online suppl. Table S4) and
likewise a significant effect of condition was found (cf.
Table 6). Post-hoc results are listed in Table 7 and dem-
onstrate a significant difference for IBP10_MML versus
WNA40 (t{150.21] = 3.78, p < 0.01).

Discussion

The aim of the present study was to investigate the ef-
fects of different IBP and AM noise stimuli on Rl in people
with tonal and noise-like tinnitus. To the best of our
knowledge, no former study has systematically investigat-
ed the deployed acoustic stimulation procedures, especial-
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Table 7. Post-hoc Tukey contrasts for condition

Contrast Arousal Valence
estimate t p value estimate t p value

IBP - IBP10 -0.62 -1.73 0.60 0.17 0.39 >0.99
IBP - IBP10_MML 0.45 1.25 0.87 -0.48 -1.08 0.93
IBP - IBP40 -1.10 -3.08 0.04 0.59 1.31 0.85
IBP - WN -0.38 -1.06 0.94 0.14 0.31 >0.99
IBP - WN10 -0.86 -2.41 0.20 0.79 1.77 0.57
IBP - WN40 -1.00 -2.79 0.08 1.21 2.70 0.10
IBP10 - IBP10_MML 1.07 2.98 0.05 -0.66 -1.47 0.76
IBP10 - IBP40 -0.48 -1.35 0.83 0.41 0.93 0.97
IBP10 - WN 0.24 0.67 0.99 -0.03 -0.08 >0.99
IBP10 - WN10 -0.24 -0.67 0.99 0.62 1.39 0.81
IBP10 - WN40 -0.38 -1.06 0.94 1.03 2.32 0.24
IBP10_MML - IBP40 -1.55 -4.33 <0.01 1.07 2.39 0.21
IBP10_MML - WN -0.83 -2.31 0.25 0.62 1.39 0.81
IBP10_MML - WN10 -1.31 -3.66 0.01 1.28 2.86 0.07
IBP10_MML - WN40 -1.45 -4.04 <0.01 1.69 3.78 <0.01
IBP40 - WN 0.72 2.02 0.41 -0.45 -1.00 0.95
IBP40 - WN10 0.24 0.67 0.99 0.21 0.46 >0.99
IBP40 - WN40 0.10 0.29 >0.99 0.62 1.39 0.81
WN - WN10 -0.48 -1.35 0.83 0.66 1.47 0.76
WN - WN40 -0.62 -1.73 0.60 1.07 2.39 0.21
WNI10 - WN40 -0.14 -0.38 >0.99 0.41 0.93 0.97

Arousal: Degrees of freedom = 180.21; SE = 0.36; Valence: Degrees of freedom = 180.21; SE = 0.45. IBP, indi-
vidualized bandpass filtered; WN, white noise; MML, minimum masking level.

ly neither AM nor IBP sounds, in noise-like tinnitus cases.
A parametric noise-band matching approach was applied
in order to personalize BP settings in accordance with the
tinnitus characteristics in the group with noise-like tinni-
tus, whereas the group with tonal tinnitus matched their
tinnitus via the centre frequency of a fixed filter band-
width. Taken together, all these aspects constitute novel
lines of investigation within tinnitus research. Omnibus
results of our experiment emphasize the ability of all used
noise stimuli in inducing RI (cf. Table 2). The time cours-
es and different suppression patterns for each stimuli ap-
pear in a similar manner as in previous studies, in that they
generally converge over time after an initial maximum of
suppression [Feldmann, 1983; Roberts et al., 2008; Neff et
al., 2017, 2019; Vernon and Meikle, 2003; Roberts, 2007].

Contrary to our hypotheses, no statistically significant
differences between the various stimuli and their impact
on tinnitus perception respectively RI was observed. In
more detail, neither the customization of the noise bands
nor the AM resulted in significant differences between
the conditions (i.e., stimuli). This outcome is in conflict
with findings of earlier studies, which have suggested ad-
vantages of AM pure tones for RI [Neff et al., 2017, 2019;

Audiol Neurotol 2019;24:309-321
DOI: 10.1159/000504593

318

Reavis et al., 2012; Tyler et al., 2014]. Yet, looking at these
studies, pure tones were only compared to AM pendants
with the exception of Tyler et al. [2014], who contrasted
AM pure tones with unmodulated broadband noise.

A potential explanation for the lack of advantage of
AM stimuli could be attributed to the circumstances, that
noise is inherently composed of a wide spectrum of fre-
quencies and signal-inherent amplitude modulation
rates. These may cover up or neutralize the potential ef-
fects of certain AM rates for RI.

To the best of our knowledge, no former study spe-
cifically tested RI or sound therapies in entities with
noise-like tinnitus. Of special interest, our analysis re-
vealed statistical differences in RI for the subgroups
noise-like and tonal tinnitus, with the noise-like group
demonstrating larger RI than the tonal group. These sig-
nificant differences were only observed immediately after
the stimulation, suggesting a time-limited advantage of
noise stimuli for RI in noise-like tinnitus. The reason for
this group-difference is not clear, and a possible rationale
may be due to physiological differences between these 2
groups with a supposed additional contribution of the ex-
tralemniscal system in noise-like tinnitus [Meller, 2006].
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A turther potential confounding factor for this group
effect might be the fact that tinnitus loudness as elicited
by MML, tinnitus matching and also in subjective ratings
via VAS scales was found to be significant higher in the
tonal subgroup. On the other hand, with no meaningful
difference in HL between the groups and in consequence
similar SLs, the putative confounding influence of these
measures may play a negligible role. An in-depth analysis
of the noise-like tinnitus group exclusively, demonstrated
no statistical differences in tinnitus loudness ratings with
respect to the used stimuli in a similar fashion as the anal-
ysis of the whole study sample.

However, since the bandwidth of BP filter settings in
participants with tonal tinnitus was set to a range of one
octave around the individual tinnitus frequency, whereas
participants with noise-like tinnitus were able to individ-
ually adjust the BP filter settings, the differences in the
subgroups may also derive from discrepancies in stimuli
creation.

It was expected that a stimulation with noise is more
pleasant or tolerable than a stimulation with pure tones.
Unlike this assumption, our findings reveal a similar tol-
erability pattern for AM noise stimuli as Neff et al. [2019]
on the basis of AM pure tones (cf. Fig. 4). The analysis
conducted also show, that AM might lead to more arous-
al as indicated on a descriptive level as well as the signifi-
cant difference between IBP and IBP40 (cf. Table 7). As
must be expected, the lower intensity stimulus (IBP10_
MML) had the lowest arousal and highest valence ratings.

Our results indicate that the used matching method is
feasible for determining tinnitus characteristics. In detail
there was good consistency for both tinnitus loudness
and frequency for both matching trials in noise-like and
tonal tinnitus groups. These findings are in line with
Henry et al. [2013], who already reported test-retest reli-
ability for noise-band tinnitus matching.

Limitations

The generalizability of these results is subject to certain
limitations. As already discussed above, the significantly
lower tinnitus loudness in the group of noise-like tinnitus
could weaken our findings of subgroup differences in
short-term tinnitus suppression.

However, as no difference in HL and equality in SL
were observed, this may not play a significant role.

Likewise, the sample size of this experiment is rather
small and gender ratio in the subgroups is unbalanced.
One main issue is the impossibility to control for poten-
tial participant-related failures in noise-band matching.
But for all of that, unavailable validation of the quantifica-

AM Noise for Tinnitus Suppression

tion of peoples’ tinnitus characteristics represents a com-
mon problem in tinnitus matching approaches, as it is a
subjective phenomenon. Future studies should strive for
new possibilities in verifying tinnitus matching results, as
well as optimization of given methodological approaches.

Since we did not compare tonal and noise stimuli, it is
not possible to make a statement about a general superi-
ority of noise stimuli in short-term tinnitus suppression
in noise-like tinnitus.

Conclusion

The current study demonstrates a general efficacy of
noise stimuli with different AM rates and filtering strate-
gies for RI. Contrary to our expectations, no differences
between the types of stimuli were observed. There were
differences in RI among the subgroups of noise-like and
tonal tinnitus, with better performance directly after the
stimulation in the noise-like tinnitus group, were ob-
served. Although, no stable rationale for the group differ-
ences can be provided, the findings may provide insights
in the mechanism of RI for different tinnitus types. Future
studies with larger sample sizes, improved matching/au-
diometry procedures and more acoustic stimulation rep-
etitions per stimuli are needed to investigate these poten-
tial differences in more detail in order to enhance our
understanding of the effects of acoustic stimulation on
tinnitus perception.

Taken together these results illustrate the potential of
noise-stimuli in short-term tinnitus suppression, espe-
cially in entities with noise-like tinnitus.
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ABSTRACT

Objective: To investigate oscillatory brain activity changes following acoustic stimulation in tinnitus and
whether these changes are associated with behavioral measures of tinnitus loudness. Moreover, differ-
ences in ongoing brain activity between individuals with and without residual inhibition (RI) are exam-
ined (responders vs. non-responders).
Methods: Three different types of noise stimuli were administered for acoustic stimulation in 45 tinnitus
patients. Subjects resting state brain activity was recorded before and after stimulation via EEG alongside
with subjective measurements of tinnitus loudness.
Results: Delta, theta and gamma band power increased, whereas alpha and beta power decreased from
pre to post stimulation. Acoustic stimulation responders exhibited reduced gamma and a trend for
enhanced alpha activity with the latter localized in the right inferior temporal gyrus. Post stimulation,
individuals experiencing RI showed higher theta, alpha and beta power with a peak power difference
in the alpha band localized in the right superior temporal gyrus. Neither correlations with behavioral tin-
nitus measures nor stimulus-specific changes in EEG activity were present.

Conclusions: Our observations might be indicative of trait-specific forms of oscillatory signatures in dif-
ferent subsets of the tinnitus population related to acoustic tinnitus suppression.
Significance: Results and insights are not only useful to understand basic neural mechanisms behind RI
but are also valuable for general neural models of tinnitus.

© 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Subjective tinnitus is defined as the perception of a ringing or
hissing without the presence of a corresponding internal or exter-
nal source of sound. If this phantom sound perception is present
over a period of at least six months, it is considered as chronic
(Mazurek et al., 2010). About 10-15% of the global population suf-
fers from tinnitus, whereas in 1-2% it represents a severe burden
(Langguth et al.,, 2013; Heller, 2003; Erlandsson and Dauman,

* Corresponding author: Department of Psychiatry and Psychotherapy, Univer-
sity of Regensburg, Universitaetsstrasse 84, 93053 Regensburg, Germany.
E-mail address: stefanschoisswohl@yahoo.de (S. Schoisswohl).

https://doi.org/10.1016/j.clinph.2021.03.038

2013) with comorbidities such as depression, anxiety disorder,
sleep disorder or reduced quality of life (Croenlein et al., 2016;
Nondahl et al., 2007; Weidt et al., 2016; Trevis et al., 2016).

Currently there is no treatment option for tinnitus available. A
major challenge towards an identification of a treatment is related
to heterogeneity in tinnitus phenotypes (Hesse, 2016; Kleinjung
and Langguth, 2020; Cederroth et al., 2019; Zenner et al., 2017).
Up to now, cognitive behavioral therapy represents the treatment
option with the best available evidence for tinnitus (Landry et al.,
2020; Cima et al., 2012; Li et al., 2019; Fuller et al., 2020).

In the majority of cases, tinnitus develops as a consequence of
cochlear damages subsequent to noise trauma or hearing loss
(HL) (Langguth et al., 2013). Typically, the perceived tinnitus pitch

1388-2457/© 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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corresponds to the frequency range of maximum HL (Basile et al.,
2013; Roberts et al.,, 2008; Norena et al., 2002; Schecklmann
et al., 2012). Theories about the generation of tinnitus commonly
suggest that the reduced or missing auditory input triggers mal-
adaptive alterations along the auditory pathway and the central
auditory system, which may lead to the sensation of a phantom
sound in the frequencies of the peripheral HL (Eggermont, 2007;
Eggermont and Roberts, 2012; Eggermont and Tass, 2015;
Adjamian et al., 2009).

On a macroscopic level tinnitus was associated with anomalous
oscillatory brain activity patterns such as enhanced activity in the
delta and gamma frequency range alongside with reduced alpha
activity over temporal regions (Weisz et al., 2005; Weisz et al.,
2007). As observed in several neurophysiological investigations,
this delta increase and alpha decrease appears to be closely linked
to tinnitus perception as well as tinnitus distress (Weisz et al.,
2005; Schlee et al, 2014; Adjamian et al., 2012; Moazami-
Goudarzi et al., 2010; Balkenhol et al., 2013). Due to relations with
tinnitus loudness as defined via tinnitus pitch matching (Balkenhol
et al., 2013), subjective tinnitus loudness (van der Loo et al., 2009;
De Ridder et al., 2015) or tinnitus-specific increased activity in the
auditory cortex (Ashton et al., 2007; Vanneste et al., 2011), high
gamma activity was proposed to represent the oscillatory signa-
ture of tinnitus perception per se (Weisz et al., 2007). These
tinnitus-specific spontaneous brain activity patterns were sub-
sumed under the framework of the thalamo-cortical dysrhythmia
model (TCD) (Llinas et al., 1999; Llinas et al., 2005; De Ridder
et al, 2015), which was further expanded to the
“Synchronization-by-Loss-of-Inhibition-Model” (SLIM) (Weisz
et al., 2007).

Conversely, some studies neither observed altered delta and
alpha activity in tinnitus (Ashton et al., 2007), any power spectra
differences compared to healthy controls (Zobay et al., 2015) nor
correlations between electrophysiology and psychoacoustic or psy-
chosocial tinnitus measures (Pierzycki et al., 2016). In the same
vein, further studies report higher alpha activity in tinnitus
(Moazami-Goudarzi et al., 2010), a relationship of enhanced alpha
and tinnitus intensity (Meyer et al., 2014) or emphasize the rele-
vance of other frequency bands like beta and theta in neural activ-
ity related to tinnitus (Meyer et al., 2014; Moazami-Goudarzi et al.,
2010; Balkenhol et al.,, 2013). Considering these observations,
assumptions about abnormal tinnitus-specific respectively
tinnitus-related spontaneous brain activity are not so conclusive
as presumed initially.

The phenomenon of short-term tinnitus suppression following
acoustic stimulation was first studied almost 50 years ago
(Feldmann, 1971; Feldmann, 1983). This phenomenon was defined
as “residual inhibition” (RI) and can be observed in 60-80% of tin-
nitus sufferers, whereby depth and duration of suppression pat-
terns vary among individuals (Roberts et al., 2006; Roberts, 2007;
Vernon and Meikle, 2003). Since that time several experiments
already examined the impact of various auditory stimulation tech-
niques on RI. These vary from simple white noise (WN) or pure
tones, to the application of specific filters or modulation rates, up
to the combination of both modulation techniques applied to
WN (Henry et al., 2013; Fournier et al., 2018; Roberts et al.,
2008; Roberts et al., 2006; Tyler et al.,, 2014; Neff et al., 2017;
Neff et al., 2019; Reavis et al., 2012; Schoisswohl et al., 2019). It
has been suggested that stimulation intensity, duration, specific
modulations as well as stimuli including the individual tinnitus
frequency (ITF) facilitate short-term acoustic tinnitus suppression.

Another approach to reduce subjective tinnitus loudness for a
longer period of time is provided via long-term stimulation with
notch filtered music (individual tinnitus pitch is removed from
the signal), referred to as “tailor-made notched music training”
(TMNMT). The supposed underlying physiological effect behind
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TMNMT takes place through an inhibition of frequencies within
the notch filter called lateral inhibition. By means of long term
applications, maladaptive pathological reorganization of the audi-
tory cortex in tinnitus may be reversed (Pantev et al., 2012;
Okamoto et al., 2010).

Nevertheless, little is known about the basic neurophysiological
processes behind RI (Roberts, 2007). Reduced firing rates of neu-
rons in the central auditory pathway are theorized to play a key
role in RI (Galazyuk et al., 2017; Galazyuk et al., 2019), which cov-
ers subcortical structures of the auditory system. There is a paucity
in experimental studies examining oscillatory brain activity after
acoustic stimulation or rather during RI. With the help of neuro-
magnetic measures in one tinnitus subject Kristeva-Feige et al.
(1995) observed an increase in low frequency (2-8 Hz) spectral
power during RI. Contrary to this observation, single-subject
intracranial recordings showed a reduction of low frequency
(delta: 1-4 Hz; theta: 4-8 Hz) activity in the auditory cortex during
RI (Sedley et al., 2015). These tinnitus-related low frequency oscil-
lations also interacted with alpha (8-12 Hz), beta (20-28 Hz) and
gamma (>30 Hz) activity (Sedley et al., 2015). Beyond that, tinnitus
intensity during RI was identified to be connected to delta (1.5-
4 Hz), theta (4-8 Hz) and gamma (30-150 Hz) oscillatory activity
in the auditory cortex by the use of single patient measurements
of neuromagnetic brain activity (Sedley et al., 2012). The relevance
of auditory gamma band activity for RI respectively tinnitus per-
ception could be further corroborated by means of an inverse cor-
relation with tinnitus intensity exclusively in tinnitus subjects
experiencing residual excitation (Sedley et al., 2012). Kahlbrock
and Weisz (2008) evaluated neuromagnetic activity in 10 tinnitus
patients experiencing RI, defined as 50% of tinnitus loudness reduc-
tion for 30 s after stimulation offset. A reduction of delta (1.3-4 Hz)
activity in temporal areas was observed during RI, whereas the
gamma band (low: 30.5-49 Hz; high: 50.3-70.2 Hz) was not
affected. The authors conclude that during a short-term reduction
of tinnitus intensity, tinnitus-related abnormal oscillatory activi-
ties are temporary reversed resulting in a restored balance of neu-
ral inhibitory and excitatory processes. A recent study from King
et al. (2021) investigated ongoing electrophysiological brain activ-
ity of 30 tinnitus subjects following broad band noise stimulation.
17 participants were able to experience RI, whereby a comparison
of RI with a control auditory stimulation condition without the
ability to induce RI revealed differences with respect to ongoing
brain activity. In detail, the authors report higher power in the
alpha and gamma frequency bands over the course of RI compared
to the control condition.

To the best of our knowledge, the above mentioned five studies
(Kristeva-Feige et al., 1995; Sedley et al., 2015; Sedley et al., 2012;
Kahlbrock and Weisz, 2008; King et al., 2021) represent the only
attempts to investigate resting state oscillatory brain activity in
the context of RI. The fact that available findings are inconsistent
and that merely two experiments - one utilizing Magnetoen-
cephalography (MEG) and one Electroencephalography (EEG) -
analyzed spontaneous brain activity during RI on a group level
indicates an urgent need for respective research whether it is by
means of MEG or EEG. Besides single subject analysis, group level
analysis represent a basic pillar in science in order to make more
general statements about the investigated population e.g., ongoing
brain activity associated with RI.

Previous research utilizing neurophysiological measurements,
used only one type of non-personalized sound and did not compare
participants with and without RI. In the course of this study we are
employing an extended set of modified and personalized noise
stimuli targeting putatively differential neural mechanisms (i.e.,
RI and lateral inhibition). Thus the main purpose of this EEG exper-
iment was to examine oscillatory brain activity changes during RI
(pre vs. post) following a stimulation with different types of noise.
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Moreover we aimed to investigate, whether these changes are
related to subjective tinnitus loudness ratings. Since RI is a phe-
nomenon which cannot be induced in all people with tinnitus, dif-
ferences in spontaneous brain activity between people who
reported RI and those who didn’t were analyzed (responders vs.
non-responders).

Apart from the efficacy of each used stimulus type in short-term
tinnitus suppression on a group level, we hypothesize that filtered
noise would result in stronger suppression patterns compared to
unfiltered noise. In detail, bandstop-filtered noise is assumed to
produce the strongest effect via a potentially suppression of neu-
rons reacting to frequencies within the filter range as already
shown in long-term applications via TMNMT (Pantev et al., 2012;
Okamoto et al., 2010).

Due to the lack of past research in this field, we have no direct
stimulus-specific a priori hypothesis about the types of changes
from pre to post auditory stimulation in ongoing brain activity.
However, we assume that potential changes in spontaneous brain
activity can be associated with subjective tinnitus loudness ratings
after stimulation. In accordance to Kahlbrock and Weisz (2008) we
expect a decrease in delta and gamma activity as well as an
increase in alpha activity from pre to post auditory stimulation
in tinnitus cases experiencing RI (responders). Further we antici-
pate spectral power differences in the respective frequency bands
between acoustic stimulation responders and non-responders. In
order to link these differences to auditory cortical activation,
source localization of the EEG data was performed.

2. Methods
2.1. Participants

In the course of this study, N = 45 (14 female) patients with
chronic subjective tinnitus (> 6 months tinnitus duration) were
recruited from the Interdisciplinary Tinnitus Centre Regensburg,
Germany. For participation, patients had to fulfill the following pri-
mary inclusion criteria: age between 18 and 75 years; absence of
other causes for tinnitus e.g., Meniere’s disease, otosclerosis or
acoustic neurinoma; no infection of the oropharynx; no present
somatic, neurological or psychiatric disorder; no intake of psy-
choactive medication (e.g., antidepressants or anticonvulsant
drugs), respectively substance or alcohol abuse at least 12 weeks
before the start of the experiment; no hypersensitivity to sound;
no tinnitus frequency < 1 kHz; no concurrent participation in other
tinnitus-related studies or start of any other tinnitus-related treat-
ment in the last three months prior study start.

Ethical clearance with respect to methodological approach and
design was sought from the ethics committee of the University of
Regensburg, Germany before commencing the experiment (ethical
approval number: 17-819-101). For a detailed descriptive over-
view and clinical characteristics of the sample see Table 1. All par-
ticipants received detailed information about objective, methods,
duration and potential side effects of the study. Every participant
gave written informed consent before the start of the study and
received an appropriate expense allowance after completion of
the experiment.

2.2. Psychometry

Prior to the start of the experiment, participants were requested
to answer a set of questionnaires compiled of German versions of
the Tinnitus Handicap Inventory (THI) (Newman et al., 1994;
Kleinjung et al., 2007), the Tinnitus Questionnaire (TQ) (Goebel
and Hiller, 1994; Hallam et al., 1988), the Tinnitus Sample Case
History Questionnaire (TSCHQ) (Langguth et al., 2007), visual ana-

1696

Clinical Neurophysiology 132 (2021) 1694-1707

log scales (VAS, %) for tinnitus awareness, loudness and bother-
some, as well as the Questionnaire on Hypersensitivity to Sound
(GUF) (Blaesing et al., 2010) (participants with a score of > 23,
which constitutes a very severe impairment, were excluded from
our analysis). The survey was performed with SoSci Survey
(Leiner, 2016).

2.3. Audiometry

Participants hearing thresholds were examined with the tool-
box MultiThreshold (University of Essex, United Kingdom) using
the implemented paradigm absolute threshold (absThreshold) in
Matlab (Matlab R2017a; Mathworks, USA). This paradigm is an
implementation of the two-alternatives forced-choice threshold
estimation algorithm by Green (1993). Sine tones (0.5 s) were used
to test participants hearing level for frequencies from 250 up to
8000 Hz on an octave scale for each ear separately. Starting loud-
ness level was 30 dB SPL, which was increased by 10 dB steps until
the participants were able to perceive the sound. The loudness
level was raised by 2 dB steps between trials. ER-2 Insert Ear-
phones (Etymotic Research Inc., USA) together with an external
soundcard (RME Fireface UCX; Audio AG, Germany) were used
for hearing assessment, subsequent matching of the ITF, definition
of the sensation level (SL), minimum masking level (MML) (com-
pare Section 2.4) as well as the proper auditory stimulation.

2.4. Tinnitometry

Individual tinnitus pitch matching was carried out using a
Method of Adjustment approach modified from Henry et al.
(2013) and Roberts et al. (2008) and implemented in a custom soft-
ware tool (MAX 7; Cycling’74, USA). A custom-built hardware con-
troller was used comprising a Teensy 3.2 USB-based micro-
controller (PJRC, USA) and industrial-grade rotating knobs,
switches and motor faders. Detailed information about the used
tinnitus matching procedure is described in Neff et al. (2019).
The starting frequency was defined as one frequency group below
the frequency with the highest HL and a start loudness of 10 dB
above the particular hearing threshold. Participants tried to match
their tinnitus four times as good as possible and rated the accor-
dance of the matched sound with their perceived tinnitus on a
1-10 scale (1 = no accordance; 10 = perfect accordance) after each
attempt. The tinnitus matching trial with the highest rating was
subsequently defined as the participants ITF. If participants rated
different matching attempts similarly, the frequency closest to
the mean frequency of the four attempts was chosen. The ITF
was then used for the evaluation of further audiometric parame-
ters. Similarly, the MML was defined by increasing the loudness
of WN to the point of complete tinnitus masking. Assessment of
the loudness discomfort level (LDL) of participants ITF was exe-
cuted with the discomfort paradigm of the MultiThreshold toolbox
with Sennheiser HDA 2000 headphones (Sennheiser, Germany).

2.5. Acoustic stimulation

Three different types of noise stimuli with a duration of three
minutes each were created in Matlab (Matlab R2017a; Mathworks,
USA) with an intensity of 65 dB SL (defined as the loudness level of
participants first-time tinnitus pitch perception; maximum loud-
ness of 85 dB SPL) for acoustic stimulation. For this purpose a gen-
uine WN was used to produce individualized noise stimuli through
the implementation of bandpass (IBP) and bandstop (IBS) filters
with one octave width around the ITF (Pantev et al., 2012). Each
stimuli was composed of a 1000 ms linear fade-in and fade-out
phase and underwent a root-mean-square correction to balance
levels between stimuli. Diotic acoustic stimulation was performed
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Table 1

Clinical Neurophysiology 132 (2021) 1694-1707

Sample characteristics. M = mean; SD = standard deviation; Md = median; Min = minimum; Max = maximum; LDL = Loudness Discomfort Level (missings in LDL are due to
values over 90 dB); TQ = Tinnitus Questionnaire; THI = Tinnitus Handicap Inventory; VAS = Visual Analog Scale; GUF = Questionnaire on Hypersensitivity to Sound.

N (female) 45 (14)
Tinnitus side (left/ right/ bilateral) (5/ 8/ 32)
Tinnitus loudness fluctuation (yes/ no) (24/ 21)
Tinnitus maskability (yes/ no/ don’t know) (31/5/9)
Musician (yes/ no) (4] 41)

M £ SD Md Min Max
Age (years) 52.29 +11.81 55.00 23.00 69.00
Tinnitus duration (months) 111.04 £ 72.90 96.00 18.00 280.00
Tinnitus frequency (Hz) 6251.09 + 2811.38 5887.00 1020.00 15524.00
Tinnitus loudness (dB SPL) 51.38 £ 16.05 50.00 27.00 85.00
Hearing loss left (dB) 17.26 £ 13.61 14.69 —5.72 55.00
Hearing loss right (dB) 17.48 £+ 11.52 17.43 -8.71 45.87
LDL left (dB) (25 missing values) 86.25 + 3.21 85.50 81.00 90.00
LDL right (dB) (28 missing values) 85.06 + 3.96 87.00 78.00 90.00
Minimum masking level (dB) 63.82 + 14.60 60.00 37.00 90.00
Sensation Level (dB) 47.58 +17.49 45.00 21.00 86.00
TQ total score (0-84) 40.73 + 15.70 40.00 17.00 71.00
THI total score (0-100) 35.91 +21.38 34.00 4.00 80.00
VAS awareness (%) 64.62 + 29.62 70.00 8.00 100.00
VAS loudness (%) 61.11 + 24.19 65.00 15.00 100.00
VAS bothersome (%) 38.20 + 29.29 30.00 0 100.00
GUF total score (0-45) 10.73 £ 6.45 10.00 0 23.00

at a maximum loudness of 85 dB SPL and each stimuli was pre-
sented only once. The presentation sequence of the stimuli was
randomized.

Before and after the presentation of each stimuli (3 min), partic-
ipants were requested to sit quietly, focus on a white fixation cross
on a black screen and avoid extensive eye-blinks and movements
while their brain activity was recorded via EEG for three minutes
respectively (compare Section 2.7).

After the presentation of each noise stimulus, patients had to
rate the loudness of their tinnitus at seven different time points
(Osec, 30sec, 60sec, 90sec, 120sec, 150sec and 180sec after stimu-
lation offset) on a customized keyboard strip (X-Key-Stick-16-USB,
XK-0981-UCK16-R; P.I. Engineering, USA) with a numeric rating
scale from 0% to 110%, whereas 100% signified no tinnitus loudness
changes, 0% a total absence of tinnitus and 110% an tinnitus loud-
ness increase by 10 %. For an illustration of the acoustic stimulation
procedure please see Fig. 1. The whole experimental stimulation
procedure was implemented with the Psychophysics Toolbox Ver-
sion 3 (Brainard, 1997; Kleiner et al., 2007) in Matlab (Matlab
R2017a; Mathworks, USA) and double-blinded. At the end of the
experiment, the three stimuli were again presented in a random-
ized order for 10 s each and participants were requested to rate
the valence and the arousal of each stimuli via pictorial manikin
scales (Bradley and Lang, 1994) on a 9-point Likert Scale, whereas
the value 0 indicated a neutral stimulus evaluation (Valence: —4
unpleasant, 4 pleasant; Arousal: —4 relaxing, 4 upsetting).

2.6. Behavioral analysis

Behavioral data was analyzed with the statistic software R (R
version 3.4.2; R Foundation for Statistical Computing, Austria)
and the packages "psych”, "emmeans”, "sjstats” and "Ime4”. Linear
mixed effect models were used to analyze tinnitus loudness ratings
and stimuli evaluation (valence, arousal) separately. The following
predictors were tested for the model fitting procedure of tinnitus
loudness ratings: condition (stimuli, compare Section 2.5), time
(Osec, 30sec, 60sec, 90sec, 120sec, 150sec, 180sec towards stimula-
tion offset), tinnitus bilaterality (yes/no), sex (male/female), tinni-
tus duration and stimuli position in the auditory stimulation
sequence. The predictors condition, gender and tinnitus duration
were tested for the model fitting procedure of stimuli evaluation
data.

Other potential predictors such as tinnitus loudness (dB), MML,
SL or HL were not included in the model fitting procedure, since
they were experimentally controlled e.g., by the creation of tai-
lored stimuli. Participant (id) was considered as a random effect
in all model fitting procedures. In order to identify the model with
the best fit for the data, the step function of the Ime4 package was
deployed. Thereby, a backward elimination of non significant pre-
dictors as well as a forward addition of significant predictors is
conducted by comparing the models with Likelihood Ratio Tests
(Harrison et al., 2018). Marginal (variance of the predictors) and

conditional (variance of predictor and random effect) R?> were

Resting state EEG Acoustic stimulation Resting state EEG
I 180 sec 180 sec 180 sec Timeisec)
I ] | T

I

TO T30 T60 T90 T120 T150 T180

@)

50% | 60% [ 70% 100%

e

(u%|w%|20%|30%|40%

Fig. 1. Acoustic stimulation procedure. Prior and post of acoustic stimulation (3 min), participants resting state brain activity was recorded via EEG (3 min). Participants
were instructed accordingly and requested to focus on a white fixation cross on a black screen during the whole experiment. Following acoustic stimulation, participants were
requested to rate the current loudness of their tinnitus ("Please rate the loudness of your tinnitus.”) at seven points in time (0, 30, 60, 90, 120, 150 and 180 s towards
stimulation offset) on a numeric rating scale from 0% to 110% (0% - total absence of tinnitus; 100% - no tinnitus loudness changes; 110% - 10% tinnitus loudness increase). This
acoustic stimulation procedure was repeated for each of the three used types of noise stimuli (white noise, individualized bandpass filtered white noise, individualized
bandstop filtered white noise).
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computed to provide the amount of the explained variance of the
respective model (Nakagawa et al., 2017). For each final model,
fixed effects were examined via Expected Mean Square Approach.
Potential differences in tinnitus loudness and stimuli evaluation
within predictors were analyzed with post hoc Tukey-tests. Analy-
sis of descriptive differences between HL and LDL between the left
and right ear were tested by the means of two-sample t-tests. Nor-
mal distribution (Shapiro-Wilk-Test) and homoscedasticity (F-
test) were examined and if violated, non-parametric testing with
independent sample Mann-Whitney U-tests were conducted. To
evaluate effect size of significant differences, Cohen’s d was calcu-
lated. The level of statistical significance was set to p < .05 for all
analyses.

2.7. Electrophysiological data acquisition and analysis

2.7.1. EEG recording

EEG data was recorded with a BrainAmp DC system, EasyCap
electrode cap with 64 electrodes, and Brain Vision Recorder 1.20
software (Brain Products GmbH, Germany). The sampling rate
was 500 Hz and electrodes were referenced to FCz during record-
ing. Impedances were kept below 10 kQ.

2.7.2. Preprocessing

Raw EEG data was preprocessed with a custom-built semi-
automatic pipeline using the Fieldtrip toolbox (Oostenveld et al.,
2011) in Matlab (Matlab R2017a; Mathworks, USA). EEG data
was filtered between 0.5 Hz and 45 Hz with a 4th order Butter-
worth bandpass filter.

Hereafter, an independent component analysis (ICA, fastICA
http://research.ics.aalto.fi/ica/fastica/index.shtml) was wused to
identify and remove components with horizontal and vertical eye
movement. Noisy or aberrant channels were interpolated using
weighted neighbors. Neighboring channels were defined via a tri-
angulation of 2D sensor position projection and channels identified
for interpolation were replaced with the mean of neighboring sen-
sors. In a next step, average referencing was performed and the
recording reference electrode FCz was added as a data channel.
In order to control for noisy channels introduced by the rating pro-
cedure of the post stimulation conditions, posterior (Iz, TP9, TP10)
as well as frontal channels (FPz, FP1, FP2, AF3, AF4, AF7, AF8) were
discarded from subsequent analyses steps. Data was then seg-
mented into 2 s segments. All segments during which participants
rated the loudness of their tinnitus were rejected. Additionally, one
segment before and after the rating was excluded as well. Seg-
ments with remaining artifacts were rejected with combined auto-
matic identification via a z-score (uV) threshold of —2/ +2 and
visual inspection in a final step. Average number of valid segments
was different (U = 1970.50, p =.001) between pre (M = 78.93,
SD = 6.48) and post (M = 60.37, SD = 6.19) acoustic stimulation.

2.7.3. EEG analysis

Power analysis - whole group Frequency power spectra of pre
and post auditory stimulation datasets per subject and condition
(compare 2.5) were calculated using multitaper frequency trans-
formation (mtmfft) and a hanning window with a spectral smooth-
ing of 1 Hz. Next, grand averages were created for pre and post
stimulation datasets per condition by computing power spectra
averages across all valid segments and all subjects.

Potential changes in EEG power spectra were analyzed with a 2
x 3 repeated measurement ANOVA and the within subject factors
time (pre, post) and condition (WN, IBP, IBS), which was imple-
mented in Fieldtrip. The main effects for time and condition were
tested with paired two-sided t-tests via non-parametric cluster-
based permutation tests with 10.000 iterations. In order to test
for an interaction effect of time and condition, a dependent sam-
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ples multivariate ANOVA was conducted using a non-parametric
cluster-based permutation test with 10.000 iterations as well. We
were primary interested in an interaction effect of time and condi-
tion. In case of a significant time x condition interaction, effects
were followed up using post hoc contrasts. Pre vs. post contrast
per condition were analyzed with dependent samples t-tests,
whereas potential differences in stimuli-induced power spectra
changes from pre to post stimulation as well as post stimulation
differences (inter-stimulus contrasts), were contrasted via inde-
pendent samples t-tests using non-parametric cluster-based per-
mutation test as described above.

Additionally, Pearson correlations between post stimulation
power spectra and pre-post power spectra differences with aver-
aged tinnitus loudness ratings (over all 7 time points) as well as
directly after stimulation offset (TO) were computed via cluster-
based permutation tests. Significance level was set to p < .05 for
all EEG analyses and p < 0.1 was defined as a statistical trend. Sig-
nificant clusters were defined as a minimum of two significant
neighboring channels for all analysis. For the purpose of interpre-
tation, EEG frequency bands were defined as follows: delta 1-
4 Hz, theta 5-7 Hz, alpha 8-12 Hz, beta 13-29 Hz, gamma 30-
45 Hz.

Power analysis - responder Furthermore, we compared fre-
quency power spectra of participants who exhibited RI with those
who did not experience RI after auditory stimulation. For this pur-
pose RI was defined as <50% of tinnitus loudness directly after
stimulation offset resulting in a subset of n = 12 further indicated
as responders. Within this subgroup of responders, n = 5 partici-
pants each, responded to a stimulation with WN or IBP, whereas
only n = 2 participants reported RI after a stimulation with IBS. A
second subgroup of participants without RI (non-responders) were
matched to responders according to the following criteria: gender;
mean HL; age and absence of RI (tinnitus loudness of >100% after
stimulation offset) in the same stimulus type as matched patient
exhibited RI in responders group. Sample characteristics for both
subgroups can be seen from Table 2. Associations of categorical
variables with stimulation response (responder or non-
responder) were analyzed with y?-tests or Fisher's exact tests if
cell frequencies were below 5. Differences in numerical variables
between the two subgroups were analyzed by two-sample t-
tests. In case of violated statistical assumptions, Mann-Whitney
U-tests were performed. Significance levels were set to p < .05
and a statistical trend was defined as p < 0.1.

Power spectra for pre and post auditory stimulation EEG data-
sets were averaged over all subjects within the respective sub-
group (responders and non-responders). Analysis were conducted
using normalized EEG datasets by dividing power spectra for each
single frequency through the total power of the entire frequency
spectrum according to the formula:

w(f)

W norm —
v [P wdf

[llustrated power spectra per frequency were transformed accord-
ing to 10 * log10(x). EEG power spectra were analyzed with a 2 x
2 repeated measures ANOVA and the factors time (pre, post) and
group (responders, non-responders). The main effects for time and
group were evaluated with dependent sample respectively inde-
pendent sample t-tests according to the same approach as already
described in the power analysis section for the whole group. Like-
wise, a potential interaction effect of time and group was analyzed
with an independent samples t-test.

In the case of a significant interaction effect, post hoc dependent
samples t-tests for pre vs. post within subgroup contrast and inde-
pendent samples t-tests for between subgroup contrast (respon-
ders vs. non-responders) separated for pre and post stimulation
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measurements are conducted. Regardless of an observed interac- ‘3
tion effect, an exploratory contrast of post stimulation power spec- 2
tra differences between responders and non-responders is = -
performed. Equal to the whole group analysis, Pearson correlations a 2988 F¥ILQFIIINSIsISN
were calculated with cluster-based permutation tests for post E &l mReRangmaRanNedvescse
stimulation power spectra and pre-post power spectra differences &
with averaged tinnitus loudness ratings or rather directly after 2 S T 7
stimulation offset (T0). Additionally, a correlation of post stimula- E 5 = @ § ® =~ g
tion power spectra and pre-post power spectra differences with ?‘% =ss 55 2. < g § 2 § ggese
tinnitus loudness rated via VAS (%) was computed. T SRR L A R L
In order to explore differences in cortical alpha variability %’
between responders and non-responders a coefficient of variance S o
was calculated by dividing the standard deviation of the alpha fre- 'é o8 2 cwr cooco0oS8S%e
quency power (8-12 Hz) by its mean power. g 3o g SS9 S88cgssss
Source space analysis Source localization of frequency data g EENFEAS  SANRNSS=R
was performed using a standard boundary element headmodel "
(Oostenveld et al., 2003) and the dynamic imaging of coherent § oo 8 o cooocoooo
sources algorithm optimized for EEG frequency data (Dynamical g ; 228288 2222322828
Imaging of Coherent Sources, (Grof3 et al., 2001)). First, cross- S |8 TR @M OW e en @M o e
spectral density was calculated for each electrode using ‘mtmfft’ ftf g e
with the ‘powandcsd’ option and a hanning window with 1 Hz 5 & § o8 o
. A wold oS o999 ooocooodooo
spectral smoothing in the peak frequency extracted from the scalp ok 3 QVIIIY paIazgsae
analysis. Second, a standard boundary element headmodel includ- %"E S SRR LA
ing the tissues of scalp, skull, and brain was used (‘standard_bem’). Ja
Details of the segmentation and the conductivity models are : % -
described in Oostenveld et al. (2003, 2002). An adapted §tandard 2 :;; » § g EYN - N N ¥ I
electrode layout was used (‘standard_1020’) where the noisy chan- B e ™ N DEluvanogn
nels described above were dropped. Electrode alignment was then f © ﬁEﬁ ﬁ oRMe 2 A AR
checked visually and alignment optimized so that the electrodes % 3 SAAR Wa229asdaneoxnr
were correctly positioned over the scalp and not part of any tissue §§ —CEECEA -~ ONRmRORTIONT ~
of the headmodel. Finally, the leadfield was calculated with the E¢
headmodel and the aligned electrodes. Notably, a single head- E ? o8
model, electrode, and leadfield template was created for source Ex 3 § § S § § § § § § § § § § § § §
B P . PP i SEO0ONONTIMOORONBLIENNAQ
analysis of all participants given the absence of individual MRIs =<
and electrode positions. _5_%3
Inter-subgroup source contrasts (responders vs. non- é ‘go oo § o coocoo oo
responders; responders vs. non-responders post stimulation) of ET g 230358 IgIFa82S
peak frequencies derived from the respective sensor-level cluster 4= MANMEREAETATTAOCe
analysis (maximum value; please see Section 3.5 under the sub- =3z é
heading for responder) were analyzed via non-parametric 57 g oo § Ccomooooooooo
cluster-based permutation tests with 10.000 iterations using nor- 22|87 IR I B e v Bt = = =
malized EEG datasets. Normalization procedure was identical to 57 | = EYONL AR NTNSAn AN
the sensor level analysis. g g
v <+ 0B oo NS AN ©
3. Results 9,5 5;::’;’%8?;2@3332@
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3.1. Sample characteristics E% \32233"'E§E§§§E§§§§§§§§8
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Table 1 summarizes the descriptive statistics and tinnitus- v &
related questionnaire scores of the present sample. In the majority § :"_': o)
of participants, tinnitus was perceived bilaterally (n = 32) and fea- § = TE TE
tured loudness fluctuations (n = 24). The possibility to mask their Z % 5 e 8
perceived tinnitus was reported by n = 31 participants. Moreover, § § - 23
n = 4 participants claimed to be musicians and the average dura- 4% 5% E g
tion of tinnitus perception was 111.04 months (SD = 72.90). £5 g gs -7
Stimulation with either WN, IBP and IBS resulted in n = 12 E El 5 gg =
responders, who showed RI with at least one stimulus type. ag 5E 4 g = R s
A weak association of stimulation response (responders or non- 3 ‘f % § 2 5 §§ _=E § s 5 In
responders) and tinnitus maskability (yes, no, don’t know) was g o %3 :; = E’E-\:“ g 3;1 é ‘B Ec %?3; g < ﬁ%z
found with the group of responders exhibiting no participant § = g g 3 ; s § g & Eo w2 5% T AR gy
who reported an absence of tinnitus maskability (cf. Table 2). Sta- g = 3 % é s = 5 §§ 2283 EZ S § % £¢3
tistical testing for differences between the subgroups of responders -§ 20225 fogy iiz% EE-35 ¢S E é; e
and non-responders revealed differences in terms of tinnitus dura- ~ 2 3 5 B g ‘é 2 ? =88 g g 2= E 38 25 ﬁ - E
tion, MML and questionnaire data with the group of responders £ & & ZEEEE BEEEZSRRSFOESSSA
showing shorter tinnitus duration (U = 26.00, p =.008, d = 1.135), I
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lower MML (U = 28.00, p =.012. d = 1.168) as well as lower sum
scores in TQ (U = 14.50, p <.001, d = 1.159), THI (t (19.71) = —3.30,
p =004, d = 1.249) and GUF (U = 28.50, p =.012, d = 1.137). Like-
wise, responders reported lower values in subjective measure-
ments of tinnitus awareness (U = 26.50, p =.008, d = 1.126),
loudness (U = 22.50, p =004, d = 1.494) and bothersome
(U = 34.00, p =.029, d =.931) as indicated by VAS (in %). Detailed
sample characteristics and statistical comparisons for the two sub-
groups are shown in Table 2.

3.2. Audiometry and Tinnitometry

Results from audiometric assessment and tinnitus matching are
outlined in Table 1 as well as illustrated in Fig. S1. The investigated
sample featured a mean tinnitus frequency of 6251.09 Hz
(SD = 2811.38), whereas the average tinnitus loudness was
51.38 dB SPL (SD = 16.05). Initial perception of the individual tin-
nitus pitch (SL) appeared at a mean volume level of 47.58 dB
(SD = 17.49). Mann-Whitney U-tests found no differences with
respect to HL (U = 941.50, p =.569) and LDL (U = 199.50, p =.361)
between the left and the right ear.

3.3. Acoustic Stimulation

Table S1 lists the descriptive statistics for tinnitus loudness rat-
ings for each stimuli on average as well as time point TO. Tinnitus
suppression time curves, including all seven time points, are illus-
trated in Fig. 2 for each stimuli.

Model fitting procedure of behavioural data was able to identify
the following model with the best fit for the data:
response ~ condition + (1|id). Table S3 lists detailed results of the
model fitting proceeding. A significant effect of condition was

Clinical Neurophysiology 132 (2021) 1694-1707

observed (cf. Table S3). Suceeding post hoc contrasts found differ-
ences between stimulus WN vs. IBS, as well as IBP vs. IBS (cf.
Table 3). A potential confounding caused by the position of the
stimuli in the acoustic stimulation sequence could be excluded,
since position did not appear as a significant predictor in the final
model.

3.4. Stimulus evaluation

Stimulus evaluation outcomes in terms of valence and arousal
can be seen from Table S4 and Fig. S2. Model
response ~ condition + (1|id) was identified to have the best fit for
the valence data with condition as a significant fixed effect (cf.
Tables S5 and S6). Post hoc tests were able to reveal differences
for valence evaluations of stimuli WN vs. IBS and also IBP vs. IBS
as can be seen from Table S7. Subsequent model was identified
by our model fitting approach for arousal data:
response ~ condition + gender + (1]id) (cf. Table S5). Fixed effect
testing revealed significant effects for condition and gender (cf.
Table S6). Post hoc analysis showed differences between stimuli
IBP and IBS as well as male and female participants (cf. Table S7).

3.5. Electrophysiology

Whole group Results of whole sample EEG power spectra anal-
ysis are outlined in Table 4. A significant main effect of time was
observed, indicating higher spectral power for 1-7 Hz and 26-
45 Hz plus lower spectral power for 7-28 Hz after auditory stimu-
lation. Further, a significant interaction of condition and time was
found in the frequency spectra 1-7 Hz and 36-45 Hz. Succeeding
post hoc contrasts revealed higher power in lower frequencies
towards stimulation across all stimuli (WN: 1-7 Hz; IBP: 1-6 Hz;

WN IBS IBP
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Fig. 2. Tinnitus loudness time curve per condition. WN = white noise; IBP = individualized bandpass filtered white noise; IBS = individualized bandstop filtered white noise.
Tinnitus loudness ratings are illustrated on a single participant level for all rating timepoints separated for each stimuli. Thick lines show the mean tinnitus loudness (%) per

stimulus, standard deviations are illustrated as grey ribbons.
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Table 3

Post hoc tukey contrasts for condition. WN = white noise; IBP = individualized
bandpass filtered white noise; IBS = individualized bandstop filtered white noise;
degrees of freedom = 902.00; standard error =.87.

Contrast Estimate t P d
Total sample

WN - IBP 1.05 1.20 451 .057
WN - IBS -4.32 -4.96 <.001 251
IBP - IBS 5.37 -6.17 <.001 328

IBS: 1-6 Hz) as well as higher gamma activity after a stimulation
with IBP (32-45 Hz) and IBS (37-45 Hz). A power decrease follow-
ing IBS stimulation was found for the frequency cluster 11-19 Hz.
In addition, statistical trends towards power reductions in the
frequency clusters 10-12 Hz and 14-19 Hz were observed for
pre-post comparisons of stimulus WN. Differences between the
applied types of stimuli with respect to pre-post power spectra
changes or post stimulation power spectra were not detected.

Electrodes within frequency clusters as outlined in Table 4 can
be found in the supplemental material in Table S8 grouped by
brain areas.

No correlations were found on the cluster level for post stimu-
lation EEG power or pre-post power spectra changes with averaged
tinnitus loudness ratings or rather tinnitus loudness ratings imme-
diately after stimulation end (TO) for any of the used stimuli.

Table 4

Clinical Neurophysiology 132 (2021) 1694-1707

Responder Table 5 provides the results obtained from the
responder EEG power spectra analysis (compare Section 2.7.3). A
significant main effect of time was observed, indicating a power
reduction from pre to post stimulation in the frequency cluster
6-32 Hz for responders as well as non-responders. Likewise, a sig-
nificant effect of group demonstrates lower power in higher fre-
quency ranges (22-45 Hz; t(max) = —4.06, over electrode P5 at
31 Hz; cf. Fig. 3 A and B) as well as a statistical trend towards
higher power in the alpha frequency range (7-12 Hz; t(max) =
4.35, over electrode F4 at 9 Hz; cf. Fig. 3 A and B) for the subgroup
of responders. There was no significant interaction of time and
group. Electrodes within frequency cluster presented in Table 5
can be found in Table S9 in the supplemental material.

Subsequent exploratory analysis of post stimulation power
spectra differences between responders and non-responders,
exhibited increased activity in the frequency cluster 5-17 Hz in
the subgroup of responders (t(max) = 4.94, over electrode F4 at
9 Hz; cf. Table 5 and Fig. 4 A and B).

Correlations of EEG power post stimulation or pre-post power
spectra changes on the cluster level with subjective tinnitus ratings
for the group of responders showed no significant results for mean
tinnitus loudness or tinnitus loudness at TO. Further no correlation
with tinnitus loudness rated via VAS (%) was observed.

Coefficient of variance calculation exclusively for the alpha fre-
quency band (8-12 Hz) exposed a higher variation in frequency

Electrophysiology - results of cluster-based permutation test for the total sample analysis. WN = white noise; IBP = individualized bandpass filtered white noise; IBS
= individualized bandstop filtered white noise; df = degrees of freedom; Max = maximum. Positive clusters indicate increased power spectra whereas negative clusters indicate
decreased power spectra from pre to post stimulation, in the respective frequency ranges. Peak frequency (Hz) and peak electrode represent the particular frequency and

electrode featuring the maximum value obtained from cluster statistics.

Frequency (Hz) Cluster statistic (df) P Peak frequency (Hz) Peak electrode Max. statistic
Time
Positive cluster 1-7 t(134) = 1047.88 <.001 4 PO8 7.68
Positive cluster 26-45 t(134) = 893.13 <.001 41 POz 4.89
Negative cluster 7-28 t(134) = —1150.64 <.001 12 T8 -5.33
Condition x Time
Positive cluster 1-7 F(5,40) = 3437.77 .002 4 PO8 51.28
Positive cluster 36-45 F(5,40) = 2783.52 .002 42 F6 34.09
Post hoc - pre vs. post
stimulation per stimulus
Positive cluster
WN 1-7 t(44) = 482.28 .006 5 01 4.81
IBP 1-6 t(44) = 696.17 .002 3 01 5.90
IBP 32-45 t(44) = 460.98 .007 41 F3 4.44
IBS 1-6 t(44) = 398.13 .006 3 02 4.20
IBS 37-45 t(44) = 199.09 .026 45 P2 3.54
Negative cluster
WN 10-12 t(44) = —132.92 .058 11 T8 —4.24
WN 14-19 t(44) = —-123.90 .064 19 c3 -3.95
IBS 11-19 t(44) = —242.31 .016 13 T8 -4.20
Table 5

Electrophysiology - results of cluster-based permutation test for the responder analysis. df = degrees of freedom; Max = maximum. Positive clusters indicate increased
power spectra, whereas negative clusters indicate decreased power spectra for responders compared to non-responders respectively from pre to post stimulation (effect of time)
in the respective frequency ranges. Peak frequency (Hz) and peak electrode represent the particular frequency and electrode featuring the maximum value obtained from cluster

statistics.
Frequency (Hz) Cluster statistic (df) P Peak frequency (Hz) Peak electrode Max. statistic
Time
Negative cluster 6-32 t(11) = —1539.00 <.001 18 TP7 -6.77
Group
Positive cluster 7-12 t(22) = 246.27 .082 9 F4 435
Negative cluster 22-45 t(22) = —-573.34 .024 31 P5 -4.06
Exploratory post hoc contrast - responders vs.
non-responders post stimulation
Positive cluster 5-17 t(22) = 549.39 .035 9 F4 4.94
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Fig. 3. Responders vs. non-responders - contrast of power spectra at the sensor and source level. A: Whole scalp power spectra differences for responders and non-
responders for the frequencies 1-45 Hz. Significant positive cluster 5-17 Hz and negative cluster 22-45 Hz as well as the respective peak frequencies (9 Hz and 31 Hz) are
highlighted. Grey ribbons represent the standard deviation for each subgroup. B: Cluster statistic results (t-values) of power spectra contrasts between responders and non-
responders are presented as topographic plots per frequency for a positive cluster of 7-12 HZ and a negative cluster of 22-45 Hz. Significant cluster electrodes are
accentuated in bold per frequency. Peak frequencies of 9 Hz and 31 Hz, representing the maximum values obtained from the cluster statistics, are highlighted with dashed
line rectangles. C: Source localization of 9 Hz EEG power peaking in the right inferior temporal gyrus (BA 20).

band power for the subgroup of responders (responders: 61.04%;
non-responders: 50.03%)

Source localization Projecting peak frequencies of sensor-level
power differences of responders and non-responders contrasts in
source space exposed differences solely for 9 Hz (t(cluster)
13.07, p =.004) with maximum differences (t(max) = 2.70) local-
ized in the right inferior temporal gyrus (MNI: 60 —10 —30) shown
in Fig. 3C). However, no difference at the peak frequency 31 Hz
could be observed in source space. Source localization of the peak
frequency received from sensor-level contrast between responders
and non-responders post acoustic stimulation exhibited differ-
ences at the frequency of 9 Hz (t(cluster) = 31.95, p =.032) localized
in the right superior temporal gyrus (MNI: 40 —30 10) presented in
Fig. 4C.

4. Discussion

The main objective of the present study was to investigate the
effect of different types of noise stimuli on short-term tinnitus sup-
pression and corresponding electrophysiological brain activity.
Moreover, we wanted to elucidate if electrophysiological changes
are a function of tinnitus loudness ratings and if differential activa-
tion patterns arise from the different stimuli putatively triggering
RI or lateral inhibition, respectively. Finally, we aimed at examin-
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ing potential differences in ongoing brain activity between respon-
ders and non-responders. To the best of our knowledge, this
presentation of notch- and bandpass-filtered WN sounds is novel
in its application in tinnitus research. Similarly, we are the first
group which elucidated neurophysiological differences between
acoustic stimulation responders and non-responders. In the fol-
lowing, the results of our study are thus critically discussed in
the light of current knowledge and with respect to future research
outlook.

4.1. Behavioral results

The behavioral analysis demonstrate similar suppression pat-
terns as past studies in this field with only a subset of the study
population reporting a considerable tinnitus loudness reduction
after acoustic stimulation. On a group level all of the used stimuli
induced short-term tinnitus suppression. Contrary to our hypothe-
sis IBS appeared to produce the fewest reduction in tinnitus loud-
ness rating, whereas IBP resulted in the strongest suppression
pattern.

A potential explanation for this difference might derive from
the ability of IBP/ WN in stimulating a broader range of frequencies
around the ITF leading to a reduction of neural response gain and
tinnitus-related hyperactivity and as a result facilitating short-
term tinnitus suppression (cf. Schaette et al. (2010)), whereas sup-
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Fig. 4. Responders vs. non-responders - exploratory post stimulation power spectra contrasts at the sensor and source level. A: Whole scalp power spectra differences
for responders and non-responders towards acoustic stimulation for the frequencies 1-45 Hz. Significant positive cluster 5-17 Hz with the respective peak frequency of 9 Hz
is highlighted. Grey ribbons represent the standard deviation for each subgroup. B: Results of cluster statistics (t-values) of power spectra contrasts between responders and
non-responders following acoustic stimulation are presented as topographic plots per frequency for a positive cluster comprised of 5-17 Hz. Significant cluster electrodes are
accentuated in bold per frequency. Peak frequency of 9 Hz is highlighted with a dashed line rectangle. C: Source localization of 9 Hz EEG power peaking in the right superior

temporal gyrus (BA 41).

pressing effects of IBS via lateral inhibition might only appear after
long-term application.

However, it is also possible that so called feed-forward inhibi-
tion is responsible for the superiority of stimuli containing signal
in frequency ranges affected by hearing loss (cf. Roberts (2007,
2010)).

These explanations remain highly speculative and currently we
are not able to provide a suitable explanation for these observed
differences. Interestingly, stimulus IBP was evaluated with the
lowest tolerability as indicated by the highest arousal and lowest
valence ratings. This finding is contrary to one of our previous
experiments which reports low arousal and high valence ratings
for IBP (Schoisswohl et al., 2019).

Generally, about 50 to 90% of the studied individuals report
some level of tinnitus suppression after acoustic stimulation (e.g.,
(Neff et al., 2017; Schoisswohl et al., 2019; Fournier et al., 2018;
Kahlbrock and Weisz, 2008; Sedley et al., 2012)). Given the skewed
distribution of RI responses on the group level in previous and this
study as well as the need for a reliable threshold for strong tinnitus
suppression, we opted to define a reduction in tinnitus of 50% after
acoustic stimulation as the threshold for the responder classifica-
tion akin to (Kahlbrock and Weisz, 2008). Applying this threshold,
we can report an absolute number of 12 responders (with any
stimulus type) out of 45 participants (26.67% responder rate)
which is comparable to relative numbers reported by Kahlbrock
and Weisz (2008) (26% responder rate), but below the quantity
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of responders reported by King et al. (2021) (56.67% responder
rate; the threshold for RI in this study is currently unknown due
to publication status).

4.2. Electrophysiology

Since only a handful of studies evaluated neural activity during
RI, no specific hypotheses were generated about oscillatory
changes from pre to post stimulation. In light of past neurophysio-
logical research and the assumptions that tinnitus is accompanied
by abnormal delta, alpha and gamma activity (Weisz et al., 2005;
Weisz et al., 2007; Adjamian et al., 2012; Moazami-Goudarzi
et al.,, 2010; Balkenhol et al.,, 2013; van der Loo et al., 2009;
Ashton et al., 2007) as well as a putative brief inversion of altered
spontaneous brain activity during RI (Kahlbrock and Weisz, 2008),
it can be supposed that observed group-level changes in tinnitus
loudness (RI) are also reflected in electrophysiological measures.
Namely, a reduction in delta and gamma and an increase in alpha
power spectra from pre to post stimulation is to be expected given
these assumptions.

4.3. Whole group analysis
Analysis of whole group pre-post stimulation changes in ongo-

ing brain activity revealed increases in the delta, theta and
gamma frequency range as well as decreases in alpha and beta
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frequency bands. This increase in low frequency activity is in
direct contrast to past observations, which report a reduction of
delta and theta power spectra during RI in accordance with the
current neurophysiological models for tinnitus (Kahlbrock and
Weisz, 2008; Sedley et al., 2012; Sedley et al., 2015). In contrast,
an earlier study using neuromagnetic measures in a single subject
during short-term tinnitus suppression likewise reports an
enhancement of low frequency activity (Kristeva-Feige et al.,
1995).

Gamma band activity was suggested to represent a spontaneous
brain activity pattern related to the actual tinnitus perception
(Weisz et al., 2007), therefore it is assumed that during a potential
suppression of tinnitus after acoustic stimulation, activity in the
gamma band will be suppressed. The current findings revealed
an increase in gamma power after auditory stimulation, similar
to findings from (King et al., 2021; Sedley et al., 2012, 2015),
who observed an increase in gamma band activity during RI. Con-
sistent with the current literature, we observed a decrease in alpha
frequency band power from pre to post stimulation (Kahlbrock and
Weisz, 2008; Sedley et al., 2015). However, a recent study was able
to demonstrate an increase in alpha frequency band power during
RI in accordance with the given neurophysiological models in tin-
nitus (King et al., 2021).

No relationship of pre-post power spectra changes, neither with
tinnitus loudness ratings averaged over all time points nor directly
after stimulation offset was observed in our data. Past neurophys-
iological research was not able to produce consistent findings in
terms of correlations with behavioral measures of tinnitus respec-
tively RI (e.g., intensity, loudness). Besides observed positive corre-
lations of low and high frequency activity (Sedley et al., 2012;
Balkenhol et al., 2013; van der Loo et al., 2009) or alpha activity
with tinnitus intensity (Sedley et al., 2015; Meyer et al., 2014),
the current findings are in accordance with other studies which
report an absence of any relationship (Adjamian et al.,, 2012;
Pierzycki et al., 2016; Kahlbrock and Weisz, 2008). In consideration
of missing correlations as well as power spectra changes in conflict
with current neurophysiological models for tinnitus, we suggest
that the present findings do not indicate oscillatory patterns
related to tinnitus loudness suppression, rather constitute a
tinnitus-unspecific neurophysiological reaction to an external
acoustic stimulus.

Oscillatory activity in the alpha frequency range is supposed
to be relevant for inhibitory processes of the brain (Klimesch
et al., 2007), thus a sound stimulation exceeding the individual
tinnitus loudness level produces excitation and consequently
alpha decreases. It has already been shown, that spontaneous
activity in the alpha (6-12 HZ) and beta (20 Hz) frequency
bands desynchronize after sound stimulation (for an overview
see Weisz et al. (2011)). Likewise, gamma band activity (30-
45 Hz; 80-100 Hz), which is associated with cortical activation
like attention or perception, was observed to be enhanced after
the presentation of sound stimuli (Crone et al., 2001; Joliot
et al, 1994) comparable to the present and recent findings
(King et al., 2021).

In order to distinguish spontaneous brain activity related to tin-
nitus suppression from tinnitus-unspecific neurophysiological con-
sequences to a sound stimulation, future research should not only
compare acoustic stimulation responders and non-responders (RI
vs. absence of RI) but also strive for a comparison with healthy con-
trol groups.

4.4. Responder analysis
Another objective of this study was to compare acoustic stimu-

lation responders with non-responders, in order to point out
potential differences in regards to ongoing brain activity. To the
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best of our knowledge this is the first study, which compares oscil-
latory activity of acoustic stimulation responders and non-
responders.

Interestingly, we observed reduced gamma band activity and a
trend for enhanced alpha activity (peak frequency of 9 Hz localized
in the right inferior temporal gyrus; BA 20) for the group of respon-
ders in contrast to non-responders. This result may corroborate the
premise that gamma might be related to tinnitus perception (van der
Loo et al., 2009; De Ridder et al., 2015; Ashton et al., 2007; Weisz
et al., 2007). Given the fact, that responders generally reported their
perceived tinnitus loudness level lower than non-responders, the
question arises if the perceived tinnitus loudness rated via VAS can
be associated with ongoing brain activity e.g., lower tinnitus loud-
ness related to reduced gamma power or enhanced alpha. Yet, a
respective correlation analysis failed to show an association.

As already shown by Schlee et al. (2014) tinnitus sufferers
exhibited a blunted alpha peak and more importantly reduced
alpha variability (8-10 Hz). This finding could be reflected by our
data in a similar way as non-responders had a lower alpha peak
and lower alpha variability (8-12 Hz). In further support for this
argumentation, the data of the former study as well as our present
findings show longer tinnitus duration for subjects with reduced
alpha power, whereas we assume that these insights from case-
control contrasts can be applied to the responder analysis at hand.

The observed reduction in gamma power may be interpreted
along similar veins as the findings in alpha power by applying
insights from case-control studies. Responders with a less chroni-
fied and intense tinnitus in our study are thus comparable to
healthy controls in some case-control designs with reported lower
gamma power values (Ashton et al., 2007; Vanneste et al., 2011). In
further analogy, our findings of diminished gamma band activity
together with a decrease in tinnitus loudness for the subgroup of
responders can be linked to observations of past studies, namely
a positive correlation of gamma with tinnitus loudness (van der
Loo et al., 2009; De Ridder et al., 2015; Balkenhol et al., 2013).

We theorize that this trend for blunted alpha as well as lower
gamma activity may be indicative of a trait as a consequence of tin-
nitus chronification.

A related observation was made by Neff et al. (2019) where
active listening to tinnitus and consequential increase in tinnitus
intensity did not lead to any neural alterations, which fits the rea-
soning about a trait-like neural representation of chronified
tinnitus.

However, it is also possible that this pattern of reduced gamma
and enhanced alpha activity represent a genuine neural trait
related to acoustic stimulation response more specifically the pos-
sibility to induce RI in tinnitus sufferers.

Our exploratory analysis of post acoustic stimulation contrasts
revealed higher spectral power in the theta, alpha and beta fre-
quency range with a peak in the alpha band (9 Hz) localized in
the right superior temporal gyrus (BA 41) in acoustic stimulation
responders.

This increased alpha in auditory fields is in line with our
hypothesis of a brief inversion of altered oscillatory power during
RI and is consistent with past research examining disparities
between tinnitus and healthy controls (compare Section 1). Nota-
bly, this supports our assumptions about responders and related
trait-like neural signatures of tinnitus in that it surmises that only
responders can exhibit neural responses which are specific to RI
induced by acoustic stimulation.

Finally, a lack of correlations between loudness ratings and
ongoing brain activity in the present study does not allow for a
conclusive interpretation with regards to tinnitus. Past studies
examining correlates of tinnitus suppression and neural activity
have been able to demonstrate a relationship of low and high fre-
quency activity with tinnitus intensity (Sedley et al., 2012, 2015).
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Nevertheless Kahlbrock and Weisz (2008) were not able to demon-
strate a correlation of tinnitus suppression and ongoing neural
activity in agreement with the present findings.

To further investigate these observed differences it is recom-
mended to optimize future study designs with respect to a para-
metric analysis of tinnitus duration and Rl-related neural activity.

4.5. Limitations

Our study has several limitations which might be informative
for future research in the specific subfield of acoustic stimulation
and general research in tinnitus.

The use of a standard boundary element headmodel as well as
electrode positions hampers the accuracy of the source-level data
in this study. Unfortunately, we could neither acquire individual
structural MRIs nor register individual electrode positions for any
of our participants.

No correlations between neurophysiological changes and
changes in behaviorally assessed self-report tinnitus loudness
were found in our data. Given the narrow and skewed distribution
of the behavioral data and the consequential arbitrary choice of a
RI threshold of 50% for the responder group contrast, correlation
analysis might neither way be informative with the current data.
This negative result is in line with the former study of Kahlbrock
and Weisz (2008). Moreover, full and prolonged RI could only be
studied in a small subset of the participants. Finally, heterogeneity
of tinnitus loudness suppression curves between participants and
the general low reliability and validity of tinnitus self-report data
may further contribute to these absent findings.

As in many previous studies, it is challenging to recruit a large
enough study sample from the locally available tinnitus population
for the extensive experimental procedures. Additionally, tinnitus
suppression responses, especially the parameters of RI depth as
well as duration, can not be properly assessed in established
screening procedures. This selection bias is hard to come by and
potentially distorts results. Future studies could thus profit from
internet-based or on-site pre-screenings in regards to the ability
to (fully) suppress participants tinnitus acoustically (i.e., induce
RI) in order to generate a larger sample of responders, facilitating
valid statements about oscillatory markers of RI. Beyond that,
multi-center studies could help to further increase the validity of
results aside from increasing the sample size.

5. Conclusions

The main goal of the current study was to unveil the oscillatory
signature of RI and see how this relates to established neurophys-
iological models of tinnitus. In contrast to former studies, we used
an extended set of modified noise stimuli targeting putatively dif-
ferential neural mechanisms (i.e., RI and lateral inhibition). Fur-
thermore, we explicitly investigated responder profiles of RIL
Similar to former studies, merely a quarter of tested participants
exhibited pronounced RI.

Looking at the oscillatory signature of acoustic stimulation
responders and non-responders, results are indicative of decreased
gamma and increased alpha power for responders. These findings
are in line with both the proposed models of SLIM and TCD, respec-
tively. This observations might be indicative of trait-specific forms
of oscillatory signatures in different subsets of the tinnitus popula-
tion possibly related to acoustic tinnitus suppression. In agreement
with a potential transient reversal of tinnitus-specific abnormal
ongoing brain activity over the course of tinnitus suppression,
alpha power was enhanced in the group of responders after stim-
ulation similarly compared to non-responders. Source localization
of the sensor-level differences emphasizes the involvement of
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auditory cortical systems. Given the lack of correlations between
tinnitus loudness and oscillatory power in this study, which was
also reported by former studies, results do not allow for a conclu-
sive interpretation with respect to these models.

The identified tinnitus patient profile experiencing RI, which
mainly features less tinnitus chronification, could serve as a selec-
tion criterion to identify individuals for successful acoustic tinnitus
suppression and putatively for acoustic treatments (e.g., treatment
start in early stages of chronification).

Further research examining oscillatory activity during RI should
strive for a healthy control group as well as control sounds not
inducing RI in order to separate the neural signature of tinnitus
suppression from tinnitus-unspecific neurophysiological effects.
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