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ABSTRACT

Tinnitus acoustic therapy is defined as any use of sound where
the intent is to alter the tinnitus perception and/or the reactions to
tinnitus in a clinically beneficial way. The parameters of sound that may
cause beneficial effects, however, are currently only theorized with limited
data supporting their effectiveness. Residual inhibition is the temporary
suppression or elimination of tinnitus that is usually observed following
appropriate auditory stimulation. Our pilot study investigated the effects
of a therapeutic acoustic stimulus that was individually customized to
maximize residual inhibition of tinnitus and extend its duration to
determine if there could be a sustained suppression of the tinnitus signal
(ie., reduced tinnitus loudness) and a reduction in the psychological and
emotional reactions to tinnitus. This pilot study had two objectives: (1) to
evaluate the feasibility of residual inhibition technique therapy through
daily use of hearing aids and (2) to determine its effects by measuring
reactionary changes in tinnitus with the Tinnitus Functional Index (TFI)
and perceptual changes in tinnitus loudness. A total of 20 adults (14
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males, 6 females; mean age: 58 years, SD = 12.88) with chronic tinnitus
were enrolled in a four-visit study that consisted of the following: (1)
baseline visit and initiation of the intervention period, (2) a 1-month
postintervention visit, (3) 2-month postintervention visit and initiation of
a wash-out period, and (4) a 3-month visit to assess the wash-out period
and any lasting effects of the intervention. The intervention consisted of
fitting bilateral hearing aids and creating an individualized residual
inhibition stimulus that was streamed via Bluetooth from a smartphone
application to the hearing aids. The participants were instructed to wear
the hearing aids and stream the residual inhibition stimulus all
waking hours for the 2-month intervention period. During the wash-
out period, the participants were instructed to use the hearing aids for
amplification, but the residual inhibition stimulus was discontinued. At
all visits, the participants completed the TFI, study-specific self-report
measures to document perceptions of tinnitus, a psychoacoustic test
battery consisting of tinnitus loudness and pitch matching, and a residual
inhibition test battery consisting of minimum masking and minimum
residual inhibition levels. At the end of the trial, participants were
interviewed about the study experience and acceptability of the residual
inhibition treatment technique. Repeated measures analyses of variance
(ANOVA) were conducted on the two main outcomes (TFI total score
and tinnitus loudness) across all four visits. The results showed a
significant main effect of visit on the TFI total score (p < 0.0001).
Specifically, the results indicated a significant reduction in TFI total
scores from baseline to the 1-month post-intervention period, which
remained stable across the 2-month post-intervention period and the
wash-out period. The ANOVA results did not show a significant change
in tinnitus loudness as a function of visit (p = 0.480). The majority of the
participants reported a positive experience with the study intervention at
their exit interview. This pilot study demonstrated that residual inhibi-
tion as a sound therapy for tinnitus, specifically through the daily use of
hearing aids, was feasible and acceptable to individuals suffering from
chronic tinnitus. In addition, participants showed improvement in
reactions to tinnitus as demonstrated by sustained reduction in TFI
scores on average over the course of the treatment period. Achieving
residual inhibition may also provide patients a feeling of control over their
tinnitus, and this may have a synergistic effect in reducing the psycho-
logical and emotional distress associated with tinnitus. There was no
significant reduction in long-term tinnitus loudness resulting from the
residual inhibition treatment; however, the current pilot study may not
have had sufficient power to detect such a change. The combination of
tinnitus suppression and improved psychosocial/emotional reactions to
tinnitus may result in a better quality of life in both the short and long
term. A larger-scale study is needed to determine the validity of using
residual inhibition as a clinical therapy option and to ascertain any effects
on both perception and reactions to tinnitus.

KEYWORDS: tinnitus, hearing loss, sound therapy, residual
inhibition
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Tinnitus is the persistent perception of
sound when there is no external source (Jastre-
boff 1990). In the United States, it has been
estimated that 50 million adults experience
chronic tinnitus, and of that population, 12
million seek some form of intervention (Tunkel
etal. 2014). A variety of etiologies are associat-
ed with tinnitus, which can be categorized as
primary or secondary.

Primary tinnitus is idiopathic in nature and
may or may not be associated with sensorineural
hearing loss (Tunkel et al. 2014). Primary
tinnitus—by far the most common type of
tinnitus—is typically evaluated and managed
by audiologists. Tinnitus that is associated with
an identifiable underlying cause or organic
condition, other than sensorineural hearing
loss, is categorized as secondary tinnitus. Sec-
ondary tinnitus is associated with auditory
system disorders (e.g., Meniere’s disease, oto-
sclerosis, Eustachian tube dysfunction, or ceru-
men impaction) or non-auditory system
disorders (e.g., intracranial hypertension, my-
oclonus, or vascular anomalies causing pulsatile
tinnitus). In the current study, we targeted
adults with primary tinnitus.

Although a cure for primary tinnitus does
not exist, there are several therapies available.
Examples include cognitive behavioral therapy
(CBT) and sound therapy (Dobie 2004; Fuller
et al. 2017; Henry & Quinn 2020; Tunkel et al.
2014). Sound therapy has been a primary
management option for tinnitus sufferers, as
it can mitigate the negative effects of tinnitus by
providing background noise, masking, and re-
laxation (Hillecke et al. 2005). Sound therapy is
used to manage tinnitus in two ways: (1) to
reduce emotional and functional effects of
tinnitus (during and beyond the stimulus expo-
sure) and (2) to reduce or eliminate the actual
perception of tinnitus (during the stimulus
exposure). Henry and Quinn (2020) provide
an in-depth review on the differences between
tinnitus reactions and tinnitus perception.

Sound therapy for primary tinnitus often
involves some type of ear-level device, including
hearing aids (with a built-in sound generator
and/or streaming capability), and dedicated
sound generators. Sounds used to reduce reac-
tions to tinnitus include background sound,
masking, soothing sound, interesting sound,

and/or music therapy (Henry & Quinn 2020).
In contrast, sounds used to target the tinnitus
percept (i.e., the tinnitus sound itself) focus on
targeting the underlying neural mechanisms.
Notched-sound therapy, matched-sound ther-
apy, and neural desynchronization are all types
of sound therapies that target underlying theo-
retical neural mechanisms (Henry & Quinn
2020). The present study applies one such
perceptual sound therapy known as residual
inhibition.

Residual inhibition is the temporary sup-
pression or elimination of tinnitus that usually
occurs following the appropriate auditory stim-
ulation. Traditionally, residual inhibition is a
form of clinical measurement performed during
an audiological tinnitus evaluation to identify
whether an individual could benefit from sound
therapies (Vernon & Meikle 2000; Evered &
Lawrenson 1981). The mechanism behind re-
sidual inhibition has been studied for decades,
ultimately resulting in inconclusive evidence
regarding its underlying mechanisms (Vernon
& Meikle 2003; Roberts et al. 2006). In animal
models, it is relatively agreed upon that tinnitus
perception is associated with elevated neuronal
spontaneous firing within the central auditory
cortex (Eggermont 2017; Aurebach et al. 2014;
Galazyuk et al. 2017). Galazyuk et al. (2017)
found in an animal model that forward sup-
pression of this spontaneous firing triggered by
sound could be an underlying mechanism of the
residual inhibition effect due to its similar
psychoacoustic properties of residual inhibition
in humans.

Residual inhibition has been shown to be
an effective method of tinnitus suppression in
humans in several studies (Feldmann 1971;
Reavis et al. 2012; Roberts et al. 2008; Terry
et al. 1983; Vernon & Meikle 2003). These
types of studies have developed through
approaches to both evaluate and characterize
an individual’s residual inhibition experience.
For example, Roberts et al. (2008) created a
detailed test battery to include (1) localization
of tinnitus, (2) adjustments of sound intensity,
(3) bandwidth selection of tinnitus, (4) tempo-
ral properties of tinnitus, (5) tinnitus loudness
rating, (6) tinnitus loudness matching, (7)
tinnitus likeness rating, (8) sound thresholds

at 1,000 Hz, (9) brief residual inhibition test,
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and (10) a full residual inhibition test to mea-
sure depth, duration, and chronicity of tinnitus.
Although these types of measures rely on the
individual’s ability to understand and perform
the task to obtain meaningful data, they are
important for research purposes when studying
underlying mechanisms of residual inhibition.
A limitation of obtaining these measures is that
they are time consuming, and thus less feasible
to implement in a clinical setting.

Nonetheless, others have defined a classic
audiological method used to assess residual
inhibition with patients (Henry & Meikle,
2000). After a series of psychoacoustic measures
including minimum and maximum masking
levels, residual inhibition duration is estimated
after a prolonged acoustic stimulus is presented
30 to 60 seconds at an intensity of +10dB of
minimum masking level (MML), and then
stopped (Henry & Meikle, 2000; Fournier
et al. 2018). Though this method makes assess-
ment of residual inhibition more clinically
feasible, it is not routinely performed during a
tinnitus evaluation. Thus, others have consid-
ered alternative approaches to efficiently mea-
sure residual inhibition within a clinical setting
where time constraints are a common problem
when performing full tinnitus evaluations.

Fournier et al. (2018) proposed a new
method for assessing masking and residual
inhibition, where instead of presenting a con-
tinuous acoustic stimulus for 30 to 60 seconds,
they presented an acoustic sequence made of 2-
to 3-second pulsed stimuli with 1-second silent
intervals over 30 to 60 seconds. First, the MML
was measured by raising the pulsed stimulus
intensity until the tinnitus was inaudible during
the stimulus presentation. Second, the level of
the stimulus was further increased until the
tinnitus was suppressed during the silent inter-
val between the acoustic pulses. This level was
called the minimum residual inhibition level
(MRIL).

Their novel laboratory-based method
using the acoustic sequence made of pulsed
stimuli produced residual inhibition in 87% of
the participants tested in their study.

The present pilot study builds on the work
of Fournier et al. (2018) by evaluating the new
method as a measurement technique and as a
tinnitus sound therapy that can be administered

as an immersive therapy via hearing aids. Spe-
cifically, the main purpose of this pilot study
was to examine if the MRIL stimulus developed
by Fournier and colleagues, when administered
continuously through hearing aids, is able to
reduce the reactionary effects of tinnitus and to
suppress the perception of tinnitus. In addition,
we sought to determine if this approach was
feasible and acceptable to individuals suffering
from chronic tinnitus.

MATERIALS AND METHODS

Participants

All study procedures were approved by the
Veterans Affairs (VA) Portland Health Care
System (VAPORHCS) Institutional Review
Board (protocol number: 1635437) and all
participants provided written informed consent
before participation.

Recruitment

Candidates were recruited through multiple
sources, which included study fliers posted
throughout VAPORHCS and on the VA
Rehabilitation Research and Development,
National Center for Rehabilitative Auditory
Research’s (NCRAR) Web site, and an
NCRAR repository database that contains the
contact information of former participants in
various studies who agreed to be contacted
about future research projects. Screening was
conducted over the telephone using the Tinni-
tus Screener (T'S), a six-item algorithmic in-
strument developed to categorize a person as
having constant, intermittent, occasional, tem-
porary, or no tinnitus, was administered during
the telephone screening (Henry et al. 2016a;
Henry et al. 2016b).

Inclusion Criteria

To be included in the study, candidates had to
be categorized as having constant tinnitus on
the TS. Other inclusion criteria included hav-
ing bilateral tinnitus, age 18 years or older, and
demonstrating an understanding of study
requirements and protocol timeline. Techno-
logical limitations only allowed the study to



RESIDUAL INHIBITION TECHNIQUE IN HEARING AIDS FOR SUPPRESSION OF TINNITUS/QUINN ET AL

create Apple Music audio files that could be
streamed through an iPhone. As such, parti-
cipants were required to have an iPhone 5
smartphone or newer with an operating system

(10S) of 10 or later.

Exclusion Criteria

Exclusion criteria included two or more hearing
thresholds exceeding 70 dB HL and/or signifi-
cant conductive hearing loss—defined as an air—
bone gap of 15 dB at more than two frequencies
in one ear, or an air-bone gap greater than 15
dB at any one frequency (audiometric testing
procedures described later), inability to consis-
tently achieve full or partial residual inhibition
in the sound booth, suspicion of secondary
(somatic) tinnitus, Meniere’s disease, or tinni-
tus potentially related to temporo-mandibular
joint disorder or whiplash, or any mental,
emotional, or health conditions that would
preclude full study participation.

QUESTIONNAIRES

Questionnaires included (1) the TS, (2) the
Tinnitus Functional Index (TFI), and (3) the
Tinnitus Follow-up Questionnaire (TFQ)—a
study-specific questionnaire to assess partici-
pants’ posttreatment perceptions. Participants
completed an exit interview to assess their
acceptability of the residual inhibition therapy
and approach.

Tinnitus Screener. The TS, described earlier,
was administered over the telephone to deter-
mine eligibility as a paper questionnaire during
each study visit to verify the initial categoriza-
tion, that is, to ensure participants were con-
tinuing to experience constant tinnitus. All
participants endorsed constant tinnitus at
each visit (Henry et al. 2016a; Henry et al.
2016b).

The TFI is a 25-
item questionnaire that captures the impact of
tinnitus over the previous week. It contains
eight subscales that measure the following
domains: intrusiveness, sense of control, cogni-
tive, sleep, auditory, relaxation, quality of life,
and emotional. Of the 25 items, all but two use a
0 to 10 response scale, with 0 indicating no

Tinnitus Functional Index.

problem and 10 indicating the most severe
problem. The other two items use a 0 to
100% scale, which quantify tinnitus awareness
and tinnitus annoyance, respectively (higher
percentages indicating greater difficulty). The
TFT total score is calculated by summing all
responses, dividing by the number of items, and
multiplying by 10—resulting in a 0 to 100 scale
of tinnitus functional effects. Higher scores
indicate a higher tinnitus burden. Subscale
scores are calculated in the same manner (Mei-

kle et al. 2012).

Tinnitus Follow-up Questionnaire. 'This ques-
tionnaire includes three questions regarding the
participant’s tinnitus characteristics and effects
as well as four items that assess impressions of
change in aspects of tinnitus over the course of
the study. The TFQ_was completed only at
Visits 3 and 4. We will focus on the four items
that assess impressions of change in tinnitus
over the course of the study (see Supplementary
Appendix A [available in the online version

only]).

Exit Interview. A total of 12 questions were
asked of the participants in an exit interview
when they completed the study. The questions
included their ratings of overall satisfaction of
the study, impressions about the therapy, future
use of the therapy, and any perception of change
in their tinnitus (see Supplementary Appendix
B [available in the online version only]).

TINNITUS PSYCHOACOUSTIC TESTING

Four tinnitus psychoacoustic tests were admin-
istered at each visit, including (1) pitch match
(PM), (2) loudness match (LM), (3) MML, and
(4) MRIL. Before psychoacoustic testing, parti-
cipants were asked to identify the ear with the
predominant tinnitus. If the tinnitus in one ear
was louder, the other ear was chosen as the
stimulus ear. There were five total tests to assess
consistency, and each trial entailed first record-
ing the PM and then the LM. PM and LM
stimuli were generated by and routed through
the audiometer (Grason-Stadler AudioStar Pro)
and presented through high-frequency head-
phones (Sennheiser HDA 200), while the parti-
cipants were seated in a double-walled sound

booth (Eckel Noise Control Technologies).
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General procedures for LM and PM testing
were reported in Henry et al. (2004).

Pitch Match.  Participants were instructed that
they would hear two pure tones in the stimulus
ear. Using the two-alternative forced choice
(2AFC) approach, the participant verbally
reported whether the first or second tone was
closer in pitch to the tinnitus in the non-
stimulus ear. Starting at 1,000 Hz, the presen-
ted frequencies were differentiated by 1/6th
octaves and the tester presented frequency
ascension and descension based on the parti-
cipant’s response. PM was established when the
participant selected a tone of a given frequency
on two consecutive occasions. To confirm the
PM frequency, octave-confusion testing was
completed whereby a higher frequency and
lower frequency octave were presented (when
possible) with the PM frequency in the same
format as the normal trial. Any change based on
octave confusion was noted.

Loudness Match. The LM was found at the
PM frequency. Participants were informed that
they were going to hear a tone in the stimulus
ear and asked whether the intensity of the tone
needed to increase or decrease to match the
tinnitus volume in the non-stimulus ear. A
bracketing technique was used, similar to the
modified Hughson-Westlake method (Carhart
& Jerger 1959), but with 2-dB step sizes. The
LM response was found to the nearest 1dB
HL.

RESIDUAL INHIBITION TESTING

For both MML and MRIL testing, responses
were measured at two narrow band noise fre-
quencies: band of noise one octave wide that is
centered around the PM frequency and a band
of noise one octave wide that is centered around
the midpoint of the slope of the hearing loss on
the audiogram. The frequency of the slope of
the hearing loss is chosen by visual inspection
for each individual patient audiogram. The
chosen frequency is most often between the
cutoft frequency and the first frequency that
reaches a difference threshold of >15dB and
equaled the threshold of the cutoff frequency.
On some occasions, the tester selected one to
two additional frequencies to find the largest

MRIL response. All residual inhibition mea-
surements were completed using stimuli pre-
sented through a custom MATLAB software
(version R2014a8.3), routed through a labora-
tory desktop computer and sound attenuator
(Grace Design M920), and presented through
insert earphones (Etymotic, Model ER-3A).

MINIMUM MASKING LEVEL

Starting at a comfortable loudness level, a
pulsed noise stimulus (rise/fall time: 0.5
seconds, duration: 3.0 seconds, silence duration:
0.5 seconds, in dB SPL) was presented binau-
rally. Using increasing 3-dB steps, the partici-
pant was asked to let the tester know when the
narrow band noise (one octave wide) was loud
enough such that the perception of tinnitus was
still present but somewhat masked by the
stimulus (partial MML) and when the tinnitus
was fully covered by the stimulus (complete
MML). Both the partial MML and complete
MML were recorded. As described earlier,
multiple narrowband noise frequencies were
measured to ensure the largest MRIL response
was found.

MINIMUM RESIDUAL INHIBITION LEVEL

Pulsed narrow band noise, as described earlier,
was presented binaurally and participants were
asked to focus on the silent intervals in between
the pulsed stimuli. They were asked to report
any noticeable differences in the tinnitus, in
particular any partial or complete inhibition. As
with MML testing, intensity of the pulsed
narrow bands of noise was increased in 3-dB
steps and both partial and complete residual
inhibition levels were recorded.

RESIDUAL INHIBITION STIMULUS SELECTION
TO BE INCORPORATED IN THE HEARING AID
INTERVENTION

The stimulus that produced MRIL at the
lowest intensity level was selected for streaming
through the hearing aids. If no stimulus pro-
duced complete MRIL, the tester selected the
lowest intensity signal that still induced partial
MRIL. The MRIL stimulus was created as a
wav file through the MATLab software that
recorded the MMUL and MRIL measurements.
Intensity level of the stimulus (pulsed narrow
bands of noise) was selected based on comfort
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level of the participant. The .wav file was
transferred into the participants’ iPhone
through CopyTrans Management software,
which required the cell phone to be connected
to the computer through an Apple charging
cable. The stimulus could then be accessed
through the Apple Music application like a
song track. The hearing aids were paired with
the iPhone through Bluetooth to allow for the
MRIL stimulus to stream from the Apple

Music application.

Procedures
Participants attended four visits over a period of
12 weeks and were compensated $25 per
visit. Fig. 1 displays the study visits and the
measurements performed at each visit.
Baseline Visit. Baseline Visit 1 included
completion of the TS and TFI questionnaires.
A standard audiologic evaluation was complet-
ed to ensure that the patient met the study
criteria and included an otoscopic examination,
tympanometry (Grason-Stadler, Model Tymp-
Star), pure-tone air conduction audiometry for
octave frequencies of 250 to 16,000 Hz and
interoctave frequencies of 3,000 and 6,000 Hz
(Grason-Stadler AudioStar Pro), and bone-

conduction audiometry for octave frequencies

Visit 2 (4 weeks)

0f 500 to 4,000 Hz and the interoctave frequen-
cy of 3,000 Hz (RadioEar Bone Transducer),
using high-frequency headphones (Sennheiser
HDA 200 Headphones).

After the audiologic evaluation, the psycho-
acoustic and residual inhibition test batteries
were performed. Participants then were fitted
with the study hearing aids that were donated by
GN Resound. Specifically, participants were
fitted with Resound Linx Quattro 9 receiver-
in-the-ear (RITE) hearing aids, bilaterally, with
open-dome coupling.

The following were the general settings for
the hearing aids: directional mic mix was set to
very low; time constant was syllabic; digital
feedback suppression was mild; noise tracker
was set as per environment; and wind guard was
moderate. All hearing aids were programmed
using the “All Around” (listening in quiet)
program via first fit and minor fine-tuning
adjustments were made for patient comfort.
These settings were used for the duration of
the trial and the volume control was disabled.
The MRIL therapy was initiated at this session,
with the custom MRIL stimulus streamed from
the participant’s iPhone to Resound Linx
Quattro 9 hearing aids. Participants were ori-
ented on the use of the device and streaming the
MRIL stimulus. They were instructed to wear

Visit 3 (8 weeks) Visit 4 (12 weeks)

* Measurements * Measurements
* Audiological * Questionnaires
evaluation .TS
* Questionnaires «TFI
*TS « Psychoacoustic
«TFI test battery
* Psychoacoustic *PM
test battery LM
*PM + Residual Inhibition
LM test battery
* Residual * MML
Inhibition test «MRIL
battery
* MML « Hearing Aid
*MRIL Adjustments (if
needed)
« Hearing Aid Fitting
and Orientation
*TurnonRI
Therapy
N A - J

* Measurements * Measurements
* Questionnaires * Questionnaires
*TS *TS
*TFI *TFI
*TFQ *TFQ
* Psychoacoustic « Psychoacoustic
test battery test battery
*PM *PM
LM LM
* Residual « Residual
Inhibition test Inhibition test
battery battery
« MML « MML
* MRIL *MRIL
*Turn off RI « Hearing aid
Therapy Fitting
« Exit Interview
- -~

Figure 1 Study visit timeline and measurements. LM, loudness match; MML, minimum masking level;
MRIL, minimum residual inhibition level; PM, pitch match; TFI, Tinnitus Functional Index; TFQ, Tinnitus

Follow-up Questionnaire; TS, Tinnitus Screener.
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their hearing aids during waking hours with the
MRIL stimulus playing for the entire period of
time. This visit took an estimated 3 hours.
Visit 2. Participants returned to the labo-
ratory for Visit 2 one to three weeks after the
Baseline Visit. At this visit, the T'S and TFI
questionnaires were administered and the psy-
choacoustic test battery was completed. A lis-
tening check was performed on the hearing aids
and adjustments were made in the hearing aid
software for comfort and preference, if applica-
ble, as the goal was for participants to wear the
hearing aids all day during waking hours. Al-
though data logging was not recorded, hearing
aid data logging was checked to ensure that
patients were wearing their devices consistently
each day. The MRIL stimulus was also checked
by the study audiologist to ensure that the
stimulus was streaming appropriately and set
to continuous replay. Participants were in-
formed that they needed to continue to listen
to their MRIL stimulus continuously until the
next visit. This visit took an estimated 2 hours.
Visit 3. This visit occurred 8 weeks after the
baseline visit, or 4 weeks after Visit 2. The TS,
TFI, and TFQ_questionnaires were adminis-
tered and the psychoacoustic test battery was
completed. A listening check was performed on
the hearing aids by the audiologist to ensure
that the hearing aids were functioning appro-
priately. No adjustments were made to the
hearing aid settings at this visit. At this point,
participants had been wearing the study hearing
aids and listening to their custom MRIL ther-
apy for 2 months. To determine if there was a
residual inhibition effect and if that effect could
be maintained without constant stimulation,
the MRIL therapy was turned off at this visit
and the wash-out period was initiated. Parti-
cipants were instructed to wear the hearing aids
without the MRIL stimulus playing for another
month. This visit took an estimated 2 hours.
Visit 4. The final study visit, Visit 4,
occurred 12 weeks after baseline, or 4 weeks
after Visit 3. The TS, TFI, and TFQ question-
naires were administered and the psychoacous-
tic test battery was performed. Participants were
allowed to keep the study hearing aids. Because
the hearing aids had been set for comfort while
listening to the MRIL therapy, the hearing aids
were re-fit to the participants’ individual hear-

ing loss based on National Acoustic Laborato-
ries Non-Linear 2 (NAL-NL2; Keidser et al.
2011) prescriptive targets and adjustments were
made for comfort and patient preference if
applicable (Audioscan Verifit 1). The exit in-
terview (Supplementary Appendix B [available
in the online version only]) was performed to
determine the participants’ perspectives on the
usability and feasibility of the MRIL therapy.
The interview included questions about their
experiences in the study, including their assess-
ment of the MRIL stimulus and hearing aids,
and any changes in the perception of their
tinnitus. Participants were also given the op-
portunity to provide feedback on the study. At
this time, participants could choose to continue
to use their custom MRIL therapy saved on
their iPhone or they could discontinue use of
the therapy. They were instructed that they
could use the therapy at their discretion. This
visit took an estimated 2 hours.

Statistical Methods

Descriptive statistics were used to summarize
the demographics and clinical characteristics of
the sample (Table 1). Repeated measures anal-
yses of variance (ANOVA) were conducted on
the two main outcome measures: (1) TFI total
score and (2) tinnitus loudness across the four
visits. Changes in TFI total scores represent
change in reactions to tinnitus over time, while
changes in measurement of tinnitus loudness
represent change in the perception of tinnitus

Table 1 Descriptive statistics
All participants N 20
Age (years) Mean Range 58 (36, 78)
(min, max)
Sex
Male N (%) 14 (70%)
Female N (%) 6 (40%)
Race
White N (%) 17 (85%)
More than one race W~ (%) 2 (10%)
Other N (%) 1(5%)
U.S. Military Veteran Veteran
Veteran N (%) 11 (65%)
Non-Veteran N (%) 9 (45%)
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over time. The eight TFI subscales were also
analyzed with repeated measures ANOVA as
a secondary analysis.

RESULTS

Descriptive Statistics

Table 1 displays the age, sex, race, and Veteran
status of the study participants. A total of 20
participants were enrolled in the study (six
females, 14 males; median age: 62.5 years,
SD =12.9, range: 36-78 years). All partici-
pants had hearing loss, and the average audio-
gram for enrolled participants is shown
in Fig. 2. Of the 20 participants, 15 completed
all four study visits. All enrolled participants
(n=20) contributed data to the analyses. Two
participants withdrew from the study before
completing all visits, one because of time
constraints and one because they found the
MRIL stimuli annoying.

Three participants were lost to follow-up.
The TS was used to determine eligibility but was
administered throughout the study at each visit
to confirm that the patient had constant tinnitus
perception throughout the visits. All available
data were included in the analyses. Fig. 3 shows
the study CONSORT (Consolidated Standards
of Reporting Trials) flow diagram.

Tinnitus Functional Index (Primary
Outcome Measure)

TFT total scores for each of the four study visits
are shown in Fig. 4. As seen in the figure, the
total scale scores appear to decrease between
baseline and Visit 2, and then remain fairly
stable through Visit 4. The repeated measures
ANOVA on TFI total score confirmed the
observations in Fig. 4 and showed a significant
main effect of visit (p < 0.0001). There was a
significant 10.7 point improvement (reduction)
in TFI score between baseline and Visit 2.

Right Ear

Left Ear

-10

10 4
20
30 1
40
50
60
70 1
80
90

Hearing Threshold (dB HL)

T T T
250 500

1000 2000 4000 8000

T T T T
16000

Frequency (Hz)

Figure 2 Audiometric thresholds collected at baseline for all 20 participants are shown in gray traces for the
right (top panel) and left (bottom panel) ears. The mean thresholds are also shown as red (right ear) or blue
(left ear) points connected by a bold line in each panel. Error bars indicate standard error.
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Assessed for eligibility (phone screen)

61

Other 0

Excluded (not eligible phone screen)
Declined to participate (Not interested) 1

Did not meet criteria (Ineligible) 28

29

Recruited (eligible phone screen) 32

No show for V1 or Canceled 8§

Assessed for eligiblity (V1) 24

Not included (not enrolled) 4
Declined to participate (Withdrew no data) 0
Not meeting inclusion criteria (Screen fail) 4

Other reasons (n/a)

Received intervention (Enrolled) 20

Withdrew with data (included in analysis) 2

Lost to follow-up (included in analysis) 3

Completed study (included in analysis)

15

Figure 3 CONSORT (Consolidated Standards of Reporting Trials) flow diagram displaying recruitment,

screening, and evaluation of participants. V1 = Visit 1.

Change in TFI score after visit 2 was small,
though all visits were significantly better than
the baseline visit.

Fig. 5 illustrates the mean scores on each of
the eight TFI subscales across the four visits. As
seen in the figure, improvement (decrease) in
scores is seen on six subscales: Intrusive, Sense
of Control, Auditory, Relaxation, Quality of

Life, and Emotional. A repeated measures

ANOVA (Table 2) showed a significant main
effect of visit on the above six subscales. These
results suggest that the treatment has a signifi-
cant impact on reactions to tinnitus, improving
a participant’s feelings toward how they are
impacted by their tinnitus perception before
treatment compared with after treatment, and
this improvement maintained after the wash-
out period (between Visits 3 and 4).
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Figure 4 Tinnitus Functional Index (TFI) total scores as a function of the four study visits are illustrated. The
light gray lines indicate results of the individual participants. The bold red line is the overall sample mean. The

error bars represent the standard error.

Loudness Match (Secondary Outcome
Measure)

LMs were obtained at all visits, and the mean
LMs and standard error are presented for the 20
participants in Fig. 6. As seen in the figure, the
mean LMs are similar across the four visits. A
repeated measures ANOVA using LM levels as
the within-subjects variable across the four
study visits did not show significant differences
in LMs among the four visits (p = 0.480). This
finding does not support our hypothesis that
LM would reduce with MRIL therapy.

Self-Reported Tinnitus Perceptions
(Follow-up Questionnaire)

The TFQ_was administered at Visits 3 and 4.
This questionnaire, though not validated, hel-
ped identify participant tinnitus perceptions
and reactions pre- and post-intervention. Par-
ticipant responses for Visit 3 (2-month post-
intervention with MRIL) can be seen in Fig. 7
and participant responses for Visit 4 (wash-out
period) can be seen in Fig. 8. Overall, the
majority of participants did not perceive a
change in the fluctuation of loudness, frequency
of occurrence, pitch, or loudness of their tinni-
tus. When comparing the questionnaire ans-
wers from Visit 3 to Visit 4, the percentage of
participants who rated an increase (“a little” or
“a lot louder/higher/more”) in loudness, pitch,
frequency of occurrence, and fluctuation of
loudness of their tinnitus decreased over all
four items. Of interest, 27% of participants
reported the loudness of their tinnitus fluctuat-

ed “alittle less” and an additional 7% “a lot less”
at Visit 4. Additionally, 20% of participants
noted that their tinnitus was “a little quieter”
and an additional 7% “a lot quieter” at Visit 4.

Exit Interview: Participant Perspectives
Participants were asked 12 questions about
their overall experiences during the study,
their tinnitus perception, and feasibility of
using the hearing aids with the MRIL thera-
py. The questions and response scale can be
seen in Supplementary Appendix B (available
in the online version only). Participants
expressed positive perceptions about the
study, regardless of how much they reported
that the therapy helped alleviate their tinni-
tus. Of the 15 participants who completed an
exit interview, 13 rated their overall satisfac-
tion with the therapy at 7 or higher ona 1 to
10 Likert scale where 1 = “extremely dissat-
isfied” to 10 =“extremely satisfied.” One
participant rated satisfaction at 5, and one
skipped this question. All 15 participants
stated that they intend to keep using the
device after the study ended (although one
described plans to keep using the hearing aids
without the therapy stimulus; others may
have also had that intention without stating
as such). A total of 93% (14/15) participants
indicated that they would recommend the
therapy to a friend.

Only six participants (out of 15) reported
that their tinnitus had improved during the
study. Of the remaining nine participants, six
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Figure 5 TFI subscale scores for each of the four study visits are displayed. The light gray lines indicate the
TFI subscale scores over the four visits for each individual participant. The bold red lines represent the overall
subscale mean. The error bars represent the standard error.

reported that their tinnitus did not change
and two reported that it changed for the worse
(one participant reported that their tinnitus
changed but did not specify how). Although

this was not one of the interview questions, five

participants reported that they felt better about
their tinnitus as a result of the study because
they felt they had greater knowledge and/or
control over their tinnitus than they did previ-
ously. Of those five, three reported that, overall,
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Table 2 The results of the repeated measures
analysis of variance for the TFl subscales for
each of the four study visits

Repeated measures ANOVA

TFI subscale F-statistic p-Value
Intrusive 3.62 0.0218°
Sense of control 4.19 0.0103?
Cognitive 2.35 0.0837
Sleep 2.43 0.0766
Auditory 3.32 0.02732
Relaxation 15.60 <0.0001®
Quality of life 6.82 0.0006°
Emotional 3.28 0.0287°

Abbreviations: ANOVA, analyses of variance; TFl,
Tinnitus Functional Index.

Note: Numerator DF = 3; denominator DF = 48.
Significant at the a = 0.05 level.

100

80+ . -

40+

Loudness Match (dB HL)

20

0
LM Mean 53 54

their tinnitus improved over the course of the
study and two reported that it did not.

Participants generally found the hearing
aids and streaming application comfortable
and easy to use. Of the 15 participants, 13
reported finding them comfortable, and all 15
said they were easy to use, although several
participants had minor complaints. The most
common complaints were Bluetooth-related
issues, such as the stimulus sound disconnec-
ting or not being compatible with their
personal devices (eight participants), hearing
aid-related issues such as the earpieces falling
out (three participants), and general difficulty
getting used to the device and stimulus (three
participants).

60

58
T T
3

Visit

Figure 6 The loudness match responses (in dB HL) are illustrated for each of the four study visits. The light
gray lines indicate results for individual participants. The bold red line is the overall mean. Error bars represent

the standard error.

Tinnitus changed in Loudness

Tinnitus changed in Pitch 6%

6% 19%

50% r 19% .

75% 19%

Change in how often tinnitus occurs [

Change in how much loundess fluctuates

0% 20%

63% 6%
38% 38%
40% 60% 80% 100%

m A lot louder/higher/more m A little louder/higher/more = No change

m A little quieter/lower/less m A lot quieter/lower/less

Figure 7 Visit 3 Tinnitus Follow-up Questionnaire responses to questions 4-7. At Visit 3, participants had
completed approximately 8 weeks of residual inhibition therapy. ~= 16 participants provided data at this visit.
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Figure 8 Visit 4 Tinnitus Follow-up Questionnaire responses to questions 4-7. At Visit 4, participants had
approximately 4 weeks of hearing aids only and no residual inhibition therapy (i.e., wash-out period). N =15

participants provided data at this visit.

DISCUSSION

The objectives of this study were to determine if
listening to a customized MRIL therapy stim-
ulus continuously through hearing aids during
waking hours could be a viable tinnitus treat-
ment option. If so, then we sought to determine
if this technique could positively impact an
individual’s reaction to their tinnitus or sup-
press the perception of their tinnitus, or both.
Utilizing the testing technique designed by
Fournier et al. (2018) and the underlying
mechanisms of residual inhibition, we created
a customized, immersive sound therapy ap-
proach to suppress tinnitus perception and
reactions. Below, we will interpret (1) the
participant’s reactions and perceptions through
the primary (TFI) and secondary outcome
measure (LM levels) findings, (2) discuss the
feasibility of this type of tinnitus treatment
through the lens of participant perspectives,
and (3) propose the next phase of testing this
MRIL therapy with hearing aid use for the
purpose of advancing tinnitus sound therapy
approaches.

Improvement of TFl Overall Scores

The TFI is a validated tinnitus outcome mea-
sure that reliably quantifies change in tinnitus
reactions over time, particularly changes resul-
ting from an intervention effect.

Our pilot study found a statistically signifi-
cant change in overall TFI scores when com-
paring the baseline Visit 1 scores to all other
visits. Participant scores decreased, meaning
there was an improvement in how they reacted
to their tinnitus from the baseline, pretreat-
ment. Once treatment was initiated, TFI scores
improved and continued to improve or main-
tain, even after the MRIL treatment was
stopped at Visit 3.

The reduced TFI overall score was main-
tained through Visit 4 after the MRIL therapy
had been discontinued. This is a somewhat
expected result, as several sound therapy stud-
ies have shown maintained benefit after inter-
vention has ceased (Neff et al. 2021; Okamoto
et al. 2010; Stracke et al. 2010; Teismann et al.
2011). Though it has been reported, there is
no evidence for permanent prolonged residual
inhibition from any sound therapy source.
Additionally, there are many factors that are
often not controlled for in sound therapy
trials, including hearing loss, hearing aid
devices, tinnitus measurement techniques,
and tinnitus perceptual characteristics. These
are limitations of sound therapy trials in
general, including this pilot study.

It is well known that both hearing aids and
sound therapy have positive effects on tinnitus,
but it is not well understood if these manage-
ment strategies affect the perception of or
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reactions to tinnitus. Moreover, it is difficult to
differentiate if hearing aids affect improvement
in tinnitus, in hearing, or both. It is assumed
that hearing aids affect both aspects, but evi-
dence for this differentiation is lacking. For this
study, the MRIL therapy had a positive impact
on the reactions to tinnitus based on TFI scores
at Visits 2 and 3 (re: the pretreatment Baseline
Visit). However, though the mean TFI scores
improved at Visits 2 and 3, there is a significant
amount of individual variability, seen in Fig. 4.
The variability could be due to how participants
were impacted by the constant streaming of
treatment, causing a negative effect on treat-
ment acceptability.

The impact of hearing aids may also be a
factor in these scores and will be discussed below
when assessing the TFI Auditory subscale.

There has been a history of debate regard-
ing what score is needed to be a “clinically
significant” change in TFI scores. Meikle et al.
(2012) caution that when interpreting a change
in TFI scores, the magnitude of differences on
the TFI may vary due to different interventions
and how participants define their own “mean-
ingful change.” Those authors continue to state
that a reduction in TFI scores of ~13 points can
be regarded as a meaningful change for parti-
cipants. In this study, 50% (10/20) participants
showed a 13-point reduction (or more) in their
TFT score from Visit 1 to Visit 2, indicating a
meaningful improvement was seen in half of our
participants after only a few weeks of MRIL

treatment.

Improvement of TFl Subscale Scores

Our results show that six out of the eight
subscales are statistically significant when com-
paring Baseline Visit 1 subscale scores to the
other visits. Participant subscale scores indicat-
ed that their tinnitus was less infrusive, that they
had more control over their tinnitus, that they
had improved emotional responses and quality of
life. Anecdotally, these are common types of
improvements when any intervention is intro-
duced to patients. A hearing aid, sound therapy,
or cognitive behavioral therapy (CBT) will
often provide relief and comfort to a patient
just knowing that something is being done to
reduce their tinnitus perception. The Relaxa-

tion subscale scores greatly improved over the
course of the intervention, as seen in Fig. 5
and Table 2. This could be a study-specific
effect, with the possibility that the MRIL
stimulus provided a calming effect.

The Auditory subscale scores also im-
proved throughout the course of the visits. It
is not surprising to see the Auditory subscale
scores improve as hearing aids will improve
audibility, even with the MRIL therapy stream-
ing during all of a participant’s waking hours.
The TFI Auditory subscale questions do focus
on how tinnitus affects auditory characteristics
like hearing clearly, understanding others, and
following conversations. However, in tinnitus
research, it is a common instance to have a
participant respond in terms of their hearing
loss impact rather than their tinnitus impact
(Henry et al. 2015). For this study, this may be
the case, particularly by providing the MRIL
therapy through hearing aids that have been fit
for a participant’s hearing loss.

Regardless, the TFI subscale improve-
ments highlight the multifaceted reactionary
benefit of the MRIL therapy via hearing aids.

Change in Loudness Match

The secondary outcome measure, the LM
responses, did not show any evidence of a
perceptual change in tinnitus. A reduction in
LM levels across visits was neither indicated nor
were any observed improvements considered
statistically significant.

When compared with the TFQ_and exit
interview, a small percentage of participants felt
that there was a reduction in loudness of their
tinnitus or fluctuation of their loudness percep-
tion. When we examine the TFQ_and the exit
interview responses at Visits 3 and 4, we see
some positive impact in loudness. TFQ respon-
ses at Visit 4 did note some improvement in
negative treatment impact after the washout
period.

This study performed manual psycho-
acoustic testing with only five sequential loud-
ness and pitch matches at each visit. Though
pitch and loudness training and orientation
were provided for each participant before every
psychoacoustic test battery, it is difficult to
determine if participants truly understood the
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concepts behind pitch and loudness. Further-
more, tester bias is a factor when performing
manual psychoacoustic testing. Though we are
ultimately concluding that tinnitus LM levels
and perception of tinnitus were not significantly
impacted by MRIL therapy, an automated
psychoacoustic test battery with more data
acquisition could potentially provide a more
detailed look at how perception might change
during an intervention.

Self-Reported Tinnitus Perceptions
(Follow-up Questionnaire and Exit
Interview)
The collection of the Visit 3 and Visit 4 TFQ_
and the Visit 4 Exit Interview was an important
factor in assessing if this type of immersive
therapy could be feasible for clinical use. Over-
all, participants expressed positivity for MRIL
therapy and its impact on their reactions to their
tinnitus. When observing Exit Interview res-
ponses, as summarized earlier, many partici-
pants stated that they would continue using the
therapy after the study had concluded because it
provided them relief, comfort, and a sense of
control. There was little to no concern with the
use of the hearing aids, streaming the MRIL
stimulus from their iPhone to their hearing
aids, and the impact of the constant pulsation of
sound during conversations with others. Hear-
ing aid data logging and participant responses
to the TFQ_and Exit Interview questions
provided evidence of feasibility, as most parti-
cipants complied with daily hearing aid use for
at least 8 hours. This information was an im-
portant goal of this study and is vital in consid-
ering further study of the MRIL therapy.
Additionally, it is important to compare
both TFI scores and the qualitative information
that participants provided in their TFQ_and
Exit Interview responses. As we illustrate in the
Results, participants’ thoughts regarding the
therapy provided them with more knowledge
about tinnitus and sound therapy, and also a
sense of control around their tinnitus. The
majority of participants also stated that they
enjoyed the therapy and would recommend it to
others. It can be concluded that even though
participants did not feel that there was a
perceptual change in tinnitus, their reactions

were positively impacted, conveyed in both the
TFI overall scores and their qualitative data.

Study Limitations

As a pilot study, the small sample size is a
limitation. Though we successfully evaluated
the two study objectives, a larger sample size is
needed to determine the full potential of MRIL
therapy through hearing aids. Furthermore, a
randomized controlled trial (RCT) is needed to
(1) differentiate the impact of hearing aid
amplification and hearing loss and (2) include
a control group to establish cause and effect.
Our repeated measures study design, while
effective for the purpose of this pilot study,
does not provide rigorous review of determining
the cause—effect relationship when administer-
ing MRIL therapy.

Tester bias may have been introduced
during the psychoacoustic test battery despite
our trained staff following standardized proce-
dures. In future studies, an automated tinnitus
testing system would help eliminate tester
subjectivity when evaluating a participant’s tin-
nitus perception during behavioral measure-
ment assessment. Automated testing could
also provide larger data samples of psycho-
acoustic testing to fully assess the reliability of
a participant’s tinnitus perception. This is par-
ticularly important for studies focusing on
sound therapies intending to reduce tinnitus
loudness. Additionally, there is no objective
measure of tinnitus yet; therefore, it is beneficial
for our field to consider additional types of
testing to gain a larger perspective into the
underlying mechanisms of tinnitus. The addi-
tion of electrophysiology, imaging, and electro-
encephalography (EEG) could be added to
future test protocols to create a more robust
picture of change in tinnitus perception.

Conclusions about change in tinnitus per-
ception after any intervention type can only be
made when there is a high level of confidence in
the robustness of measures of tinnitus
perception.

Participant-reported data tracked through
their personal daily logs as an outcome measure
are a potential limitation of this study. Parti-
cipants actively initiated their own treatment
daily and were instructed to track their own
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progress by using a daily log. However, the
hearing aid data logging does contribute a
potential bias to the data and the impact of
the treatment effect. Future studies will formal-
ly measure the hearing aid data logging to track
hearing aid and streaming use.

CONCLUSIONS AND FUTURE
DIRECTIONS

We demonstrated through this pilot study that
our paradigm was feasible and acceptable to
participants. The MRIL therapy provided resul-
ted in an overall reduction in participants’ reac-
tions to tinnitus, but not in a change in
perception of loudness. We propose that a larger
scale RCT is needed to fully evaluate the efficacy
of this sound therapy. It is unknown if one sound
therapy is superior to another; therefore, further
study is needed to ascertain to what degree the
MRIL sound therapy effects tinnitus perception.
CBT is currently the only evidence-based ap-
proach for tinnitus management and treatment.
Sound therapy as an evidence-based tinnitus
management and treatment could be established
if research studies were aligned in testing
approaches and validated outcome measures.

A future MRIL RCT would provide a
thorough psychoacoustic test battery utilizing
an automated system and would track both
perceptual tinnitus differences pre- and post-
treatment as well as provide a less biased testing
approach. Without objective measures of tinni-
tus, it is important that our field utilize compa-
rable testing approaches and validated outcome
measures. Future use of electrophysiological
outcome measures, specifically late auditory
evoked potentials, could be utilized as biomark-
ers for pre- and post-treatment effects as well as
the effect of concentration and attention on the
effectiveness of sound therapy. A future RCT of
MRIL therapy could provide a foundation for a
standardized method of evaluating and imple-
menting sound therapy approaches by using a
battery of validated questionnaires and
psychoacoustic measures, as well as objective
electrophysiological measures. A standardized
test battery for tinnitus sound therapies could
not only provide a baseline for tracking mean-
ingful change but a comprehensive guide for
testing tinnitus interventions as well. Further-

more, the use and evaluation of hearing aids in
conjunction with sound therapy could provide
evidence for new, innovative ways to help
tinnitus sufferers manage their tinnitus.
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