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Abstract

Background/Objectives: Tinnitus treatment is often based on coping strategies, as still no causal
treatment is available. Based on our “Erlangen model” of tinnitus development and two pilot studies,
we treated tinnitus patients with individualized, non-masking low intensity noise (LIN) to reduce
the tinnitus loudness. Methods: 72 adult patients with a tinnitus severity index below IV (tinnitus
health questionnaire, THQ), a hearing loss not exceeding 40 dB up to 6 kHz, and without experience
in hearing aid (HA) usage were included in this study. Their audiograms, tinnitus parameters, THQ
scores and optimal LIN were determined individually. Patients were double-blinded assigned to a
treatment only (TO) or placebo-and-treatment (PT) group. The TO patients received treatment for
four weeks while the PT patients initially received placebo (low intensity white noise) stimulation for
two weeks and hereinafter treatment for four weeks. Every two weeks, the measurements listed
above were repeated. Long term effects on THQ were assessed four weeks after the end of treatment.
Data were analyzed by parametric and nonparametric statistics. Results: We identified a significant
decrease in the THQ score already after two weeks of treatment that was still present four weeks after
the end of treatment in the TO group. In individual cases, tinnitus could be suppressed completely
by LINTS. The PT group did profit much less, as the initial placebo treatment seemed to counteract
the LIN effects. Conclusions: Individually fitted LIN treatment is able to suppress tinnitus. The
optimal fitting of the LIN is crucial for treatment success.

Keywords: hearing aids; placebo controlled double-blinded study; tinnitus questionnaires; tinnitus
distress

1. Introduction

Subjective tinnitus—the perception of sounds without a physical sound source—is thought to
be caused by hearing loss (HL), which can be so slight that it is clinically irrelevant or even
undetectable with standard audiometry [1-4]. In many cases, especially when HL is low or moderate,
the phantom percept itself is perceived as more serious than HL and can lead to physical and
psychological comorbidities, which in the worst case can drive patients to suicide [5,6]. The
socioeconomic costs caused by tinnitus and the resulting comorbidities are estimated at almost €22
billion per year in Germany alone, and the number of sick days is more than twice as high as that of
the average German employee [7]. Comparable figures are also available for other Western
industrialized nations [8].
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In clinical practice, effective treatment of tinnitus is typically limited to counseling and teaching
coping strategies within the framework of cognitive behavioral therapy (CBT; cf. [9]), as there is still
an incomplete understanding of the neurophysiological mechanisms involved in the development
and chronification of tinnitus. Incidentally, this is also the reason why most therapeutic approaches
tested to date beyond CBT were based not on theoretical but merely on empirical considerations,
with mostly modest, non-reproducible success and often without any placebo control [10-16]. Since
tinnitus is a maladaptation of the auditory system to HL, it is not surprising that the most successful
treatments for tinnitus are various methods for hearing restoration [10,17], but usually these are not
available for patients with mild HL. In this placebo-controlled phase II clinical study, we tested a
new, theory-driven therapeutic approach to treating tinnitus, which is based on a neurophysiological
model of tinnitus development and explicitly aims to help patients with mild to moderate HL.

Over the past decade, we have developed a model for the development of tinnitus that considers
the phantom percept to be a side effect of a neurophysiological mechanism that permanently
optimizes information transmission into the auditory system by means of stochastic resonance (SR)
in the dorsal cochlear nucleus (DCN), even in the healthy auditory system [18-20]. Like most models,
ours also assumes that HL initially causes of the development of a tinnitus percept. In fact, tinnitus
only occurs when the HL is caused by reduced afferent innervation of the inner hair cells of the
cochlea [21], which, as mentioned above, may be so slight that no increase in hearing thresholds can
be measured in the pure tone audiogram (cf. hidden hearing loss [22]). Such a reduced input from
the cochlea to the DCN can already lead to subthreshold responses of the target neurons in the DCN
and thus the auditory input would no longer be passed on to the subsequent auditory pathway [23].
Our Erlangen model of tinnitus development [24] now assumes that SR occurs at the level of DCN
neurons (fusiform cells) to enable the transmission of weak signals to the auditory pathway and thus
improve overall hearing ability. To this end, noise in the form of neural activity (originating from the
somatosensory system [25,26]) is added to the weak input signal from the cochlea via parallel fibers
also projecting to the fusiform cells. The amount of noise added is controlled by a feedback loop that
constantly measures the information content of the DCN output by calculating and maximizing the
autocorrelation of that output [19]. The sum of the input signal and noise is then large enough to
activate the DCN neurons above threshold, so that the auditory information, even though it is noisy,
will be transmitted. According to this theory, the internally added neural noise improves overall
hearing, but may also be transmitted to the auditory cortex itself, where it forms the basis for the
perception of tinnitus.

Based on this mechanistic explanation of tinnitus development we have proposed a novel
treatment strategy: "Low Intensity Noise Tinnitus Suppression" (LINTS [24]), which has already
proven promising in two proof-of-concept studies [27,28]. The basic idea of this approach is to replace
the internally generated neuronal noise that is perceived as tinnitus with externally generated low
intensity acoustic noise matched to the patient’s tinnitus frequency and hearing threshold.

As we have demonstrated in our proof-of-concept studies, this acoustic low intensity noise (LIN)
is most effective in suppressing tinnitus when a narrowband noise is used that is centered on the
individually perceived tinnitus pitch and has an amplitude around the individual hearing threshold.
Note that this amplitude is far too low to mask the tinnitus percept, so it should not be consciously
perceived in everyday life when used constantly.

Here, we investigate the effects of continuous use of the LINTS approach in a placebo-controlled
phase II clinical study by presenting the LIN via hearing aids without activated amplification over a
time span of four weeks. We demonstrate that LINTS can reduce tinnitus-related distress, as assessed
by standard questionnaires, acutely and over a longer period of time compared to placebo treatment.
The extent to which tinnitus can be suppressed seems to depend on how well the LIN can be adjusted
to the patient's individual tinnitus frequency and hearing threshold. Ideally, LIN was able to
completely suppress tinnitus in individual cases.
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2. Materials and Methods
Subjects and Ethical Statement

Eighty-four adult tinnitus patients (median age (lower, upper quartile): 55 a (40 a, 60 a); 25 %)
were included in this study, which was approved by the ethics committee of the Friedrich-Alexander-
University Erlangen-Niirnberg (application number 35_21 B) in accordance with the Declaration of
Helsinki. All patients were specifically recruited for this study, informed, and gave their consent for
data evaluation. Each patient received €150 as compensation after the study was completed. Inclusion
criteria were: tonal or narrow-band tinnitus perception on at least one side and a sufficient
understanding of the German language to understand the instructions and fill out the German
versions of the mini-TQ12 [29], Tinnitus Health Questionnaire (THQ) [30] and Tinnitus Sample Case
History Questionnaire (TSCHQ) [31]. Exclusion criteria were: previous or current wearing of hearing
aids, mini-TQ12 severity index above 3, hearing loss higher than 40 dB below 8 kHz [27,28] or a
tinnitus frequency above 10 kHz.
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Figure 1. Timeline of the study. All patients were investigated according to this timeline. THQ tinnitus health
questionnaire, TSCHQ Tinnitus Sample Case History Questionnaire, TF tinnitus frequency, TL tinnitus

loudness, LIN low intensity noise, TO noise-treatment-only, PT placebo-plus-noise-treatment, HA hearing aid.

Audiometry and Timeline of Experiments

The timeline for the experiments is depicted in Figure 1. The patients were separated into two
groups, the LIN-treatment-only (TO, n=54) and the placebo-plus-LIN-treatment (PT, n=30) group. TO
patients were treated immediately after HA-fitting with the individually fitted LIN while PT patients
received a placebo white noise stimulation for 2 weeks before switching to the correct LIN stimulation
for another 4 weeks (cf. below). Grouping was double-blinded, complete to the patients and up to the
end of the third measurement to the investigator, where it became necessary to know, if another
session was needed (in the case of PT). Therefore, timeline of the experiments after initial check of
inclusion and exclusion criteria was different for both groups, as the stimulation was 4 weeks for the
TO and 6 weeks for the PT groups. Patients were informed prior to the study that the treatment could
last 4 or 6 weeks; they did not know each other or met during the study, so no crosstalk about
differences in treatment duration or other factors could be communicated.

Before treatment start, patients filled out the THQ and TSCHQ. Air conductance hearing
thresholds (measured as HL in dB) as well as tinnitus frequency (TF) and tinnitus loudness (TL) —
both tinnitus parameters calculated relative to HL in dB sensational level (dB SL) — were obtained
following the ISO 8253-2 procedures (measurement device: AT900 type 1093, measurement software:
AT900 5.1.0.15; both: Mack Medizintechnik, Pfaffenhofen, Germany; headphones: DT48,
Beyerdynamic, Heilbronn, Germany; or HDA200, Sennheiser electronic GmbH & Co. KG,
Wedemark, Germany). The optimal LIN was determined as described in [28]. Briefly, around the
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frequency of the tinnitus percept (= 1 oct, 0.5 oct steps), narrow-band noise with intensities ranging
from -4 to 6 dB SL were presented for 40 sec each. After each stimulus, the patient was asked, what
effect the LIN had on the percept. The optimal LIN was the one with the strongest tinnitus-soothing
effect. Data were transferred to Signia Pure 312 X © hearing aids (WSAudiology - Sivantos GmbH,
Erlangen, Germany) via the Connexx-software (Connexx 9.7.0.144, WSAUD A/S, Lynge, Denmark).
Hearing aids were only applied to the tinnitus-affected ears (50 patients binaurally supplied; 36 TO
and 14 PT); the good fitting of the HA was secured by individualized cable length and size of the
earpiece. The amplification function of the hearing aids (HA) was not activated; the device was only
used for presentation of the LIN. The LIN was either presented via the internal noise generator of the
device (N=36) or via a Bluetooth-coupled iPod (Apple, CA, USA), from which the patient could only
play the right LIN at the right intensity (N=48) with a narrowband (NB) noise of one octave width.
The latter approach was used, as the internal noise generator of the HAs turned out to be sub-optimal
for the task, as the bandwidth of the generated noise was wider than the one octave determined to
be optimal for LINTS [27,28]. Therefore, the stimulation used in these patients was sub-optimal
(wideband noise, WB). Furthermore, with the iPod, we were able to test additional modifications the
LIN-stimulation like AM-modulated NB noise (N=16, AM-frequency 40 Hz, modulation depth 20%).
The idea here was to increase information content of the signal and by that increase autocorrelation
at the level of the DCN, which might be particularly beneficial for patients with higher frequency
tinnitus, where phase locking to the unmodulated noise and therefore autocorrelation within the
DCN should be low [32].

The appropriate stimulation for either TO or PT patients was generated by a self-developed
computer program for each measurement session. For the TO patients, the LIN was immediately
turned on and minimally adjusted in loudness if necessary. For PT patients, without their knowledge,
the LIN was not transferred to the hearing aids over the first two weeks but patients were stimulated
with white noise at an intensity set to that of the hearing threshold at 2 kHz. During their next visit
the individually customized LIN was uploaded and used for the next four weeks. All patients were
instructed to wear the HAs as long as possible but at least on five out of seven days a week for at least
four hours per day. The wearing duration was logged in the device and results of invalid periods,
i.e., average wearing times during the two-week period below 4h/d, were discarded (in 3 patients at
one time each). For the follow-up procedures, refer to the Figure 1. For the intra-treatment THQ score
determination, the patients were instructed to focus their answers on the last four weeks. Four weeks
after the end of treatment, i.e., possible long-term effects, were investigated with a final THQ form.
If requested after that timepoint, we provided the patients with their LIN to be used with their own
in-ear devices. Of the 84 patients, 72 (86%) completed all measurements and filled out all
questionnaires, only the data of those patients are used for further analyses. Of the 12 dropouts, 6
were from the PT group and all of them stopped the trial after the initial placebo phase, as they stated
to have no benefit from the (placebo) LIN. The other 6 dropouts of the TO group had different reasons
(medical or technical) to abort the study, but no TO patient dropped out because of missing benefit
of the stimulation.

Statistical Evaluation

All statistical analyses were performed with Statistica 14 (TIBCO software, Palo Alto, CA, USA).
The initial HL of the patients without HA of both groups was compared using a 2-factorial ANOVA
with the factors group and frequency. For detail analyses, Tukey post-hoc tests with correction for
multiple comparisons were used. The TF and TL changes over time within the two patient groups
were assessed with non-parametric statistics using Wilcoxon tests or Friedman-ANOVAs and
comparisons between TO and PT groups by Mann-Whitney U-tests. The same is true for the
assessment of the change of the THQ scores and sub-scores relative to pre-treatment. Here the change
of the complete questionnaire score and the change within the different sub-score categories were
investigated. The complete THQ score has a range of 0 to 84, the different sub-scores have ranges
from 0 to 6 (somatic complains), 0 to 8 (sleep disturbances), 0 to 14 (auditory perceptual difficulties),
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0 to 16 (intrusiveness of tinnitus) and the combined cognitive and emotional distress with a range of
0 to 40. Note that we excluded patients with the highest severity index with more than 59 TQH score
points. Therefore, the median score (interquartile range) of our patients before the start of the
treatment was just 26.5 (16, 35.5), for details see section 3.2. The questionnaire outcome was also
correlated with the patients’ age, family history of tinnitus appearance and tinnitus duration, which
were extracted from the TSCHQ.

3. Results
3.1. Study Design

Details of the study design are given in the Methods section. Briefly, of the 84 patients, 72 (86%)
finished the study; of those, 48 belonged to the TO and 24 to the PT group. As mentioned in the
Methods section, the dropout reason in the PT group was purely the white noise treatment (6/30,
20%), while aborting the study in the TO patient group had other reasons (6/54, 11%). All patients
were inexperienced in HA use and fulfilled all inclusion and exclusion criteria. The amplification of
the HA was turned off, so it was only activated to perceive the auditory environment undisturbed
and for LINTS stimulation. The timeline of the study is depicted in Figure 1. Patients were
pseudorandomly double-blindly assigned to a study group, the investigators were only aware of the
group affiliation after the third measurement, when they were instructed to make another
appointment for the patient in another two weeks in the case of a PT patient. The appropriate
stimulation for either TO or PT patients was generated by a self-developed computer program for
each measurement session. As described in the Method section, after the initial measurements and
questionnaires, the PT patients received a low intensity white noise stimulation for the first two
weeks via the HA and only after that the correct LIN was presented for additional four weeks. The
TO patients were stimulated with the individually adapted LIN from the start of the HA wearing on.
After every block of 2 weeks of stimulation, either placebo or LINTS, the HL with and without the
HA (plus stimulation) was reobtained, the patient was interviewed about possible problems and the
LIN was adjusted if necessary. In any case, a new computer-generated double-blinded stimulation
file was used for the remaining time of the study, if applicable. In the time of generating the right file,
the patients filled out the THQ with the instruction of focusing their answers on the last two weeks.
Four weeks after the end of the LINTS treatment, the THQ was filled out one last time, again with
the instruction to focus the answers on the last four weeks.

3.2. Database

The 72 patients who finished the study were separated into two groups (TO and PT). The median
duration (interquartile range) of the tinnitus percept (obtained from the TSCHQ) was 14.2 a (3.6 a,
26.7 a). The wearing duration of the HA was high and not significantly different in both groups, with
72 h/d + 0.9 h/d in the TO and 6.6 h/d + 1.1 h/d in the PT patient group (t-test, p=0.53). The
distributions of gender (TO: 32 male, 16 female; PT: 16 male, 8 female; chi? test: n.s.), age (median age
(interquartile range) TO: 52 a (37 a, 59a); PT: 58 a (50 a, 62 a); Mann-Whitney U-test: n.s.) and tinnitus
parameters (TF (TO: 6 kHz (4 kHz, 8 kHz); PT: 6 kHz (3 kHz, 6 kHz); Mann-Whitney U-test: n.s.) and
TL(TO:5dB SL (2dB SL, 8 dB SL) ; PT: 4 dB SL (3 dB SL, 9 dB SL); Mann-Whitney U-test: n.s.)) were
not significantly different between TO and PT group. The same was true for the initial THQ score
(Mann-Whitney U-test, p=0.27), which medians (interquartile ranges) were 28 (18.5, 35.5) for TO
patients and 21.5 (11.5, 36.5). The maximum THQ score (range: 0 to 84) reached over all patients was
57 (67.9% of maximum), the minimum was 4. Also, between the subgroups within the TO and PT
patient groups, characterized by either using the internal noise generator of the HA or the optimal
noise presented via an iPod, we found — with the exception of the age of both TO patient subgroups
(chi? test, p=0.02) — no significant differences in those parameters (cf. Supplemental Table S1).
Therefore, the results of the two patient groups could be well compared without splitting them into
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subgroups, under the consideration of the difference in group size. To rule out effects of a single
subgroup, we added the appropriate analyses after the investigation of the complete patient cohort.
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Figure 2. Two-factorial ANOVA results of patients” audiograms. From left to right the three results of the
analysis are given for factor group, frequency and the interaction of both factors. Blue symbols represent the means

+95% confidence interval (CI) of the TO patients, red the ones for the PT patient group.

With this in mind, we first compared the audiograms of both patient groups by a 2-factorial
ANOVA with the factors group and frequency (Figure 2). We found a slight but significant difference
in the mean HL (£95% CI) of both groups, with the TO patients showing 14.6 dB + 0.72 dB and the PT
patients having 17.9 dB + 1.02 dB hearing deficit. A clinically relevant HL of more than 20 dB was
only shown in frequencies at and above 3 kHz. No interaction of both factors was found (p=0.24),
indicating a general slightly worse hearing in the PT patients compared to the TO group.
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Figure 3. TF distributions and correlations. (A) Distributions of TFs of both patient groups. (B) Linear
correlation and regression coefficient of frequency with strongest HL and TF of TO patients, a trend for such a
linear correlation for PT patients. (C) Significant correlations and regression coefficients of the LIN center

frequency and the TF in both patient groups.

Investigating the TF distributions in both patient groups (Figure 3A) we found no difference in
the distributions of both patient groups (2-sample Kolmogorov-Smirnov test, D=0.3, K=0.67, p=0.66).
The TF was found to be relatively weakly linearly related to the maximum HL frequency (Figure 3B)
in the TO patients (r?=0.24, p<0.001), and found only a trend for such a relationship in the PT patients
(r*=0.09, p=0.06). A much stronger relationship was found between TF and the LIN center frequency
(Figure 3C), where both slopes became significant (p<0.001 in both groups) and the deviation from
the linear fit was relatively small (TO: 12=0.73, PT: r?=0.51). Such relationships were also found in the
subgroups of both TO and PT groups (p<0.001 in all groups).
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Figure 4. Nonparametric analyses of THQ scores and tinnitus severity index. (A) Results of the two Friedman
ANOV As of the THQ score difference over time in both patient groups. Given is the Median and the interquartile
range as boxes. Asterisks indicate significant differences to pre-treatment scores (Wilcoxon tests). Green value:
trend, * p<0.05, ** p<0.01, *** p<0.001. (B) Violin plots of the patients score differences with separation of the TO
(bluish colors) and PT patients (reddish colors) stimulated with WB noise and NB noise. (C) Results of the two
Friedman ANOVAs of the intrusion sub-score. Median, interquartile range and full distribution (whiskers) are
given. Asterisks as above. (D) Distributions of tinnitus severity indices obtained from the THQ scoring for all
timepoints. Insets show the change of index to lower (negative numbers) or higher indices for the patients

separated by group.

3.3. Efficacy of LINTS

For the investigation of the efficacy of the LINTS treatment we evaluated the THQ scores in
general (global tinnitus severity) and in the five sub-scores over time (cf. Methods and Table 1). In
the nonparametric statistical analysis of the global tinnitus severity score change by Friedman
ANOVAs (Figure 4A, Table 1) for both patient groups we found a significant temporal change only
in the TO patient group (p=0.035) while the PT patients did not show a significant development over
time (p=0.27). When assessing the change of the global tinnitus severity relative to pre treatment
levels by Wilcoxon tests (Figure 4A asterisks, Table 2) we find this temporal effect in the TO patient
group already starting after 2 weeks of treatment (-3 (-7, 2); p=0.01), peaking at 4 weeks of treatment
(-4 (-9, 0); p<0.001) but staying significantly lowered up to 4 weeks after the end of the treatment (-3
(-8, 1); p=0.009). In this case, the NB and (AM-)optimized LINTS stimulation seems to be superior to
the WB noise stimulation, as the most beneficial effects at these three timepoints can be found from
that patient group and the more increased global tinnitus severity value changes showed up in the
latter subgroup (Figure 4B). This fact becomes evident, when Mann-Whitney-U tests are performed
between the values of global tinnitus severity change of the subgroups of TO patients, where at least
tendencies and one significant value for this difference can be found: 2 weeks treatment U=254.5,
p=0.04; 4 weeks treatment U=240,0, p=0.10; 4 weeks post treatment U=236.5, p=0.05 (cf. also Figure 5).
As described above, to investigate the benefit of the LINTS treatment in detail, we analyzed the THQ
sub-scores on their temporal development (Table 1) and the effects at each timepoint (Table 2). As an
example for the beneficial effect of the treatment in both patient groups (TO and PT), we show the
development of the tinnitus intrusiveness in Figure 4C. Here both patient groups show comparable
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temporal effects, with the intrusiveness (maximal score: 16) dropping significantly after four weeks
of treatment (TO: -3 (-2, -5); PT 2- (0, -4)). Nevertheless, this change does not seem to be stable, as it
vanished after 4 weeks after the treatment. In the TO patient group, we find a significant or trend for
such a temporal development in 3 out of the 5 sub-scores (emotional and cognitive distress, tinnitus
intrusiveness, auditory perceptual difficulties, Table 1) and a significant benefit or trend in 11 of the
15 sub-score timepoints (Table 2). With beneficial effects in 4 out of 5 sub-scores in the long-term
effect measurement 4 weeks after treatment (all except auditory perceptual difficulties). In the PT
group, the 2 weeks of white noise seemed to have a hindering effect on the treatment, as only the
intrusiveness showed this temporal pattern and somatic complains showed a trend for this. On the
single timepoint level, the beneficial effects are also small, as we find only in 4 out of 20 timepoints a
significant decrease in the score. This difference in treatment efficacy can also be seen in the change
of the tinnitus severity index in both groups (Figure 4D). While patients in the PT group hardly
showed any group shift to a lower index number after 4 weeks of treatment (2/24, 8%), in the TO
group 11 out of 48 (23%) moved their tinnitus severity ranking down at least one index number (with
5 patients reporting no more tinnitus percept during stimulation) and 8 of them stayed there even 4
weeks after the end of treatment.

Table 1. Friedman ANOVA results for THQ sub-scores and global tinnitus severity changes of both patient

groups over time.

group| (sub-)score timepoint chi? test results |score means|standard deviation
2 2 weeks treatment -1.33 4.82
8 U -
Té E § 4 weeks treatment (N=45. df=2)-10.47 2.87 4.21
S &3 p=0.005
c g ™© 4 weeks post treatment -1.8 4.63
qE)
2]
2 ks treatment -0.62 2.57
~ % % weess Teamen (N=45. df=2)=39.85
O 5 g 4 weeks treatment -3.36 2.45
= g < p<0.001
o g 4 weeks post treatment -0.60 2.21
§ > S &  [2weeks treatment -0.07 1.74
o0 £ 85 W weeks treatment (N=45. df=2)=5.15 -0.36 1.88
= < 8 2 =0.076
= 2 8 5 44 weeks post treatment p= -0.18 224
..é 2= p . .
> § 2 weeks treatment -0.42 1.14
g o = 4 weeks treatment (N=45. df=2)=0.57 -0.40 1.32
5 25 p=0.75
£ @ 4 weeks post treatment ' -0.49 0.97
s hs
5 o £ 2 weeks treatment -0.29 1.12
g % 4 weeks treatment (N=45. df=2)=0.64 -0.36 1.13
=0.73
8 % 4 weeks post treatment P -0.47 1.12
= é’ £ [2 weeks treatment (N=45. d-2)-6.73 -2.96 8.21
§ g 5; 4 weeks treatment B 0.035 ' -4.96 6.65
®2 & U weeks post treatment p= -3.2 7.59
= = v g, 2 weeks placebo -0.40 3.86
qé E E g £ & 2 weeks treatment (N=20. df=3)=2.16 -1.20 2.44
S 4 g +°= 8 2 |4 weeks treatment p=0.54 -1.65 2.35
= g" £ g @
9 8l ° 4 weeks post treatment -1.35 1.90
Ti by § 2 weeks placebo -0.50 2.09
g é ‘qé m 2 weeks treatment (N=20. df=3)=18.75 -2.05 2.39
g 8. 5 4 weeks treatment <0.001 0.05 2.94
= 5 P
P~ g 4 weeks post treatment 0.55 1.70
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o5 8 2 weeks placebo 0.35 1.18
S £ 2 [ weeks treatment (N=20. df=3)=1.00| _ 0.10 1.71
.'g § é 4 weeks treatment p=0.80 -0.25 1.71
AT 4 weeks post treatment -0.05 1.82
§ 2 weeks placebo 0.10 1.21

o :E 2 weeks treatment (N=20. Df=3)=2.58 0.35 1.60
.&J)‘ 5 4 weeks treatment p=0.46 0.35 1.27
;@ 4 weeks post treatment 0.70 227

o 28 2 weeks placebo 0.65 1.84
£ % 2 weeks treatment (N=20. df=3)=7.68 0.20 0.83
§ g 4 weeks treatment p=0.053 -0.15 0.67

© 4 weeks post treatment 0.10 0.79

w . 2 Wweeks placebo 0.55 4.39

® 2 D weeks treatment (N=20. df=3)=3.96 -0.55 5.87
%‘o g % 4 weeks treatment p=0.27 -2.35 5.84
- 4 weeks post treatment -1.75 5.00

Note: red colored p-values indicate a significant effect of the treatment over time, green colored p-values indicate a trend.

As mentioned above we wanted to rule out that only one of the subgroups of TO or PT patient
groups showed the described effects (Figure 5) Therefore, the THQ score changes of each subgroup
have been tested separately for a change relative to pre-treatment vales (Wilcoxon tests). We found
all TO patient subgroups to show a significant decrease of 4 to 6 points (WB: p=0.009; NB: p=0.006,
NB AM: p=0.026), with the NB stimulation having the numerical strongest effect. No PT subgroup
reached significance in these tests. Neither TO nor PT subgroups differed significantly from each
other (Kruskal-Wallis ANOVA, p>0.05 in both cases). In other words, the subgroups showed
comparable effects and were rightfully taken together as single patient groups.

4 weeks after treatment start
10

= . |
o z2 z z z z
8w 5
C
q)q)
o & *k Kk *
o= OfF - = _—
E® =
© 2 -
g9'5 . [
0Q
2 o
g=£-10
I
|_
-15 m M S mm
= 2 < =2 Z
m
Z
TO PT
subgroup

Figure 5. Nonparametric analyses of THQ scores of TO and PT patient subgroups four weeks after treatment
start. TO patients can be divided into WB, NB without or with AM modulated noise, PT patients into WB and
NB noise subgroups. The number of patients in each group is given above the median values with interquartile
ranges (boxes). Asterisks indicate a significant improvement relative to pre-treatment values (Wilcoxon test).
Since the scores do not differ significantly between the NO subgroups or between the PN subgroups, the

summary of the data as presented in the above analyses is justified. * p<0.05, ** p<0.01.
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Table 2. Wilcoxon matched pair tests of THQ sub-scores and global tinnitus severity changes of both patient

groups relative to pre-treatment level.

group (sub-)score timepoint Wilcoxon test results| Median (25%, 75%)
T=252.5; Z=2.12
g 2 weeks treatment 1(-3,1)
S Q4 p=0.03
S E 8 T=136.5; Z=3.68
Q o= b 4 - -
8 §° % 4 weeks treatment £<0.001 2 (-4, 0)
e o
= T=250; Z=2.34 1
) 4 weeks post treatment p=0.02 1(-4,1)
T=331; Z=1.29
@ 2 weeks treatment -1(-2, 1)
2 p=0.20
g T=29; Z=5.51
% 4 weeks treatment -3 (-5,-2)
Z p<0.001
-
e T=214.5; Z=1.86
i= 4 weeks post treatment 0(-2,1)
p=0.06
— T=250.5; Z=0.25
O 2 weeks treatment 0(-1,1)
£ o5 8 p=0.80
o 5 £ X T=245; Z-1.38
3 = 83 4 weeks treatment A 0(-1,1)
T O = =0.17
6 25 E =
= (SWeS T=216; Z=0.34
_@ 4 weeks post treatment =073 0(-1,1)
-i(—si —\U.
e 8 T=138; Z=1.94
2 I 2 weeks treatment ! 0(-1,0)
= g p=0.05
< = T=131; Z=1.87
g % 4 weeks treatment 0(-1,0)
£ g p=0.06
s . T=47.5; Z=2.56
= g 4 weeks post treatment 0(-1,0)
T=61; Z=2.34
2 weeks treatment 0(-1,0)
L 2 p=0.02
TS T=56; Z=2.07
g a. 4 weeks treatment 0(-1,0)
S & p=0.04
@ 0
© T=44; 7=1.81
4 weeks post treatment 0=0.07 0(-1,0)
T=267; Z=2.4
3 2 weeks treatment 07; ? -3(-7,2)
ﬁé’ o p=0.01
gs T=120.5; Z=4.37
B § 4 weeks treatment -4(-9,0)
=z p<0.001
QO ©n
[ T=285.5; Z=2.62
b 4 weeks post treatment =0.009 -3(-8,1)
[sW )
T=64; Z=1.25
5 .E 2 weeks placebo -0.5 (-3, 1.5)
k= o) T=28; Z=2.30
.05 ¢ 2 2 weeks treatment -1(-3,0)
= T 8 p=0.02
iy 7 T=31.5; Z=2.56
= T © 4 weeks treatment e 2(-2,-1)
o= g p=0.01
B =
=2z b T=16.5; Z=2.66
§ g 4 weeks post treatment -0.5(-3,0)
£ g p=0.008
3 g T=65; 7=0.89
o, 5 2 weeks placebo ! 0(-1,1)
..8 = " p=0.37
o] 3 T=45; 7=0.85
& g 2 weeks treatment 0(0,1)
B £ p=0.39
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T=13; Z=3.16
4 weeks treatment £=0.002 -2(-4,0)
T=85, Z=0.75
4 weeks post treatment =046 -05(-2, 1)
T=65; Z=0.54
_§ 2 weeks placebo =059 0(-1,1)
ol T=63.5; Z=0.2
§ = 2 weeks treatment 6156 820 3 0(-1,1)
9 = =0.
&3
> & T=49.5; Z=0.96
5= _
R 4 weeks treatment =034 0(-2,1)
!
3 T=69; Z=0.36
® 4 weeks post treatment p=0.72 0(-1,1)
T=27.5; Z=1.2
@ 2 weeks placebo pi).Z 1 6 0(0,1)
=
T=20; Z=1.1
5 2 weeks treatment 0; 6 0(0,1)
7] Yo MLy A
© 4 weeks treatment 1=83; 2047 0(-1,0)
& p=0.64
[}
— T=2. ; Z= .
@ 4 weeks post treatment Ij; 0 7;) 36 0(-1,0)
@ 2 weeks placebo T=1p2_;OZ 1=11'58 0(0, 1)
.E .
a T=10.5; Z=1.42
g‘ 2 weeks treatment 0.5 0(0,1)
S p=0.16
Q
ué 4 weeks treatment T_f)’_g_;;% 0(0, 0)
8 —U.
o T=8; Z=1.01
%] 7
4 weeks post treatment p=031 0(0,0)
> _ 7o
-“g 2 weeks placebo T 105;%’ 55 031 0.5 (-2.5, 2.5)
g .
& T=83; Z=0.11
é 2 weeks treatment 8p3: 0 9§) 0(-3,3)
g 4 weeks treatment =55, 2=1.87 -3(-5,0
= p=0.06
= .
o} T=88; Z=1.2
S 4 weeks post treatment 88; > -1(-3,5,2)
b0 p=0.21

Note: red colored p-values indicate a significant difference of the median value relative to pre-treatment; green colored p-

values indicate a trend.

As the distribution of the tinnitus severity index in Figure 4D showed, the efficacy of the
treatment might be obscured by the relatively large number of patients with a tinnitus severity index
of I. Therefore, we calculated the percentage change of the general tinnitus severity score (Figure 6)
and performed two repeated measurement ANOVAs over the timepoints for both groups (due to the
different number of measurements, a combination of both groups was not possible). We found a
comparable effect in the TO patient group with a significant temporal effect (p=0.04) and a significant
decrease (t-test, p<0.001) of the global tinnitus severity by -17.1% + 6.9% after 4 weeks of LINTS
treatment that stayed decreased with -11.4% * 7.6% 4 weeks after the treatment. For the PT patients,
we also found a temporal effect (p=0.04). Nevertheless, we could not identify a significant timepoint
but only found a beneficial trend at 4 weeks of treatment (-8.5% + 12.0%, p=0.09). In other words, this
significant temporal effect indicates that the high number of low tinnitus severity index patients is
indeed decreasing the nonparametric analysis power at least in PT patients. This is because small
numerical improvements in less severely affected patients result in a small absolute change in
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numbers, but a relatively large percentage change. Nevertheless, the overall effect had a tendency to
be stronger without the preceding white noise placebo treatment, with the mean change (+standard
deviation) during and after treatment in TO patients at -10.9% + 25.8% and in PT patients at -4.7 % =+
30.8% (t-test, p=0.08). The peak of benefit was found at the end of the treatment period in both patient
groups with TO: -17.1% + 22.6% and PT: -8.6% + 29.5%, these values showed also a trend to be
different (t-test, p=0.07).

treatment

N
=)

TO F(2, 88)=3,36, p=0.04
PT: F(3, 57)=3.01, p=0.04

THQ score difference to
"before treatment" (%)

placebo 2 4 post4

weeks relative to
treatment start

Figure 6. One-factorial ANOVASs of percentual change of THQ score. Two independent significant ANOVAs
were calculated for both patient groups. Vertical lines with numbers / asterisks give the timepoints of significant

decreases relative to pre-treatment (t-tests). Green value: trend, ** p<0.01, *** p<0.001.

3.4. Exemplary Case Reports

As an exemplary patient for a successful LINTS treatment we want to present a 52 years old
male tinnitus patient with a mean HL of 36.5 dB and 25.3 dB in the left and right ear, respectively. He
perceived a TF of 6 kHz and a TL of 5 dB SL in the left ear and reported to hear it for 4.4 years with
an unknown origin. He started with a tinnitus severity index of I (mildly affected, THQ score 17). He
was provided with a HA with the internal noise generator turned on and placed in the TO group. He
reported a complete silencing of tinnitus during the wearing of the HA. But especially during the
treatment period he was more aware of his tinnitus when not wearing it and reporting even some
problems in going to sleep, as he was more attentive to the percept during the quiet night. His THQ
score dropped only by 11.8% after 2 weeks and 17.6% after 4 weeks of treatment. Nevertheless, after
the end of the active treatment period he reported after 4 weeks a THQ score, that was 47.1% lower
(THQ score 8) than at the beginning. Especially the emotional and cognitive distress and the tinnitus
intrusiveness scores were diminished by half. Even though, he never switched the tinnitus severity
index, when asked in the end, he reported to be relieved of any bothering of his tinnitus percept.

Another example for a successful LINTS treatment of a more severe tinnitus affected patient is
the case of a 42 years old male patient with a mean HL of 16.5 dB and 8.0 dB on the left and right ear,
respectively. He perceived a TF of 4 kHz on both ears with 7 and 2 dB SL, respectively and reported
to hear it since roughly 6 years after a stressful episode in his life. He started with a tinnitus severity
index of III (severe, THQ score 50). He was provided with a HA without the internal noise generator,
i.e., the optimal noise was streamed via an iPod, and placed in the TO group. He reported a significant
improvement of his tinnitus loudness and also wore the HAs during the night, as he was then able
to fall asleep without the bothering tinnitus. His THQ score dropped by 25% after 2 weeks and 40%
(I, mildly affected, THQ score 30) after 4 weeks of treatment. After 4 weeks without the treatment his
score was only 12% below the starting level. He asked to receive the stimulation files to play it via his
own in-ear devices. After receiving it he reported back after some days, that he can sleep again and
is now able to cope with his tinnitus.
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4. Discussion

In this Phase II clinical study, we wanted to further investigate the efficacy of LINTS in
suppressing phantom perception in patients with subjective tinnitus. We were able to show that
LINTS can significantly reduce the THQ score, with certain sub-scores, such as intrusiveness,
benefiting more than others (cf. Figure 4). At first glance, the average reduction in THQ score of 4
after four weeks of treatment does not appear particularly strong, but one has to keep in mind, that
the average median THQ score of our patients was 26.5 and therefore the average relative
improvement was 15 %. Furthermore, certain sub-scores which are particularly decisive for the
subjectively perceived psychological strain, like intrusiveness, fortunately showed particularly
significant effects. And finally, we observed strong interindividual differences in the effect LINTS
had on tinnitus patients: While some patients did not seem to profit from the treatment, LINTS was
able to completely suppress the tinnitus percept in others (cf. case reports). Furthermore, the THQ is
more suited for long-term effects [30], even though we instructed the patients to report the effects
during the last two or four weeks, respectively.

Strong inter-individual differences in effectiveness of tinnitus treatment have also been reported
from other approaches that are based on acoustic stimulation (e.g. Tailor-made notched music
therapy [13] or Coordinated Reset [14]). Unfortunately, all of these approaches as well as other sound
therapies and tinnitus noisers have proven ineffective, and some, such as Coordinated Reset, are even
recommended to be avoided in tinnitus patients [9]. To our knowledge, LINTS is currently the only
acoustic stimulation-based therapeutic approach for treating tinnitus whose effectiveness has not yet
been disproved. We would therefore like to encourage colleagues to take over our approach and try
to independently falsify or replicate our results! Please note that LINTS differs fundamentally from
classic tinnitus sound therapies, as the amplitude of the sound used is significantly below the
masking threshold (cf. [33]) and the frequency spectrum is individually adjusted to the tinnitus pitch
perceived by the patient.

We believe that the main reason for the large interindividual differences in the effectiveness of
LINTS lies in the difficulty of optimally adjusting the noise to the patient's individual tinnitus
perception and hearing threshold. On the one hand, there is the difficulty of precisely determining
the pitch of tinnitus: since this cannot be measured objectively but only approximated subjectively,
and octave errors can also occur, this is the greatest source of error in the adjustment of LINTS. On
the other hand, individual tinnitus perception can also change over time, meaning that regular
adjustments to the stimulation may be necessary. We are therefore convinced that, with optimal
adjustment of the stimulation to the tinnitus perception, it should be possible to completely suppress
tinnitus in all patients, at least in those who have a tonal percept and are able to hear at least to a
certain degree. The fact that this adjustment involves a number of parameters, such as the center
frequency of the bandpass noise, the spectral width of the bandpass, and the absolute volume, makes
the process potentially time-consuming and therefore sometimes only acceptable to patients to a
limited extent. At least, the additional amplitude modulation did not appear to improve the
therapeutic outcome (cf. Figure 5), so it does not seem necessary to pursue this approach further in
the future. Still, optimizing this process and making it as time-efficient as possible will be one of the
key tasks in the future development of this therapeutic approach.

Another potential problem for the success of the therapy —as with any therapy—is the issue of
patient compliance: it stands to reason that the success of the therapy also depends on the duration
of stimulation per day. The minimum wearing time of 4 hours per day for hearing aids is certainly
not optimal in this case, which contributed to the interindividual differences. Nevertheless, most
patients wore the HA significantly longer than the minimum time and, in some cases, even during
sleep to prevent a rebound of the tinnitus percept after removing the HAs and lying in a quiet
environment.

Finally, the device used for stimulation will have an impact on the success of the therapy, as
technical limitations can prevent the parameters for LINTS from being implemented, even if they
have been optimally determined. This was also the case in the present study at the beginning, when
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we only worked with the degrees of freedom of the hearing aid itself. After switching to stimulation
with iPods, this problem was solved, which then also improved the success of the therapy (cg. Figure
5, WB vs. NB).

5. Conclusions

LINTS has proven to be an effective therapy for the partial or complete suppression of tinnitus
in our clinic. The quality of the stimulation adjustment to the individual hearing loss and the patient's
perception of tinnitus appears to be particularly critical for the effectiveness of the therapy. In order
for LINTS to become established in everyday clinical practice, independent validation of the
procedure and optimization of the fitting process are necessary.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Nonparametric comparison of patient subgroups with WB or NB

stimulation.
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Abbreviations

The following abbreviations are used in this manuscript:

AM Amplitude modulation

CBT Cognitive behavioral therapy

DCN Dorsal cochlear nucleus

HA Hearing aid

HL Hearing loss

LIN Low intensity noise

LINTS Low intensity noise tinnitus suppression
Mini-TQ12 Mini tinnitus questionnaire with 12 items
NB Narrow band noise

PT Placebo-plus treatment patients

SR Stochastic resonance

TF Tinnitus frequency (also: tinnitus pitch)
THQ Tinnitus health questionnaire

TL Tinnitus loudness

TSCHQ Tinnitus sample case history questionnaire
TO Treatment only patients

WB Wide band noise
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WN White noise
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