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Introduction: To provide better access to hearing aids and lower the devices’
costs for patients with mild to moderate hearing loss, the Food and Drug
Administration (FDA) changed its rules for hearing aid distribution, making them
available to consumers over-the-counter without the supervision, involvement,
or prescription of a licensed health care professional. While this regulation
provides some patients direct access to hearing aids, the hearing aid fitting
creates challenges for the patients and the hearing aid providers. OTC
hearing aids should be programmable outside of a clinical setting. This study
demonstrates that the self-fitting of hearing aids does not differ significantly from
and is non-inferior to the fitting of the device by a licensed audiologist.

Method: Hearing aid and patient performance after fitting the device by the
patient (self-fitting) and a certified audiologist (clinical fitting) were compared
in a laboratory setting and a field trial. The laboratory session used a repeated-
measures design to assess the reliability and validity of the self-fitting method. A
7—-14 days of wear time was used for the field study. The outcome measures for
the laboratory session were the differences in acoustical real-ear aided response
(REAR). For the wear-time trial, the outcome was the clinical self-report measure
of benefit (Abbreviated Profile of Hearing Aid Benefit, APHAB). The benefit of the
hearing aid was tested after the self-fitting and the clinical fitting of the hearing
aid with a speech-in-noise test (QucikSIN).

Results: The test outcomes showed no statistically significant differences
between repeated self-fitting and clinical fitting of the hearing aids. The hearing
aid self-fitting was non-inferior to the clinical fitting.

Discussion: Itisimportant to emphasize that the results and conclusion obtained
in this study strictly relate to the specific self-fitting process using the Gaussian
Process. Many other potential methods for fitting hearing aids exist and future
field studies are required to compare the efficacy of the self-fitting methods.
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1 Introduction

Hearing loss is a global health crisis. According to the World Health Organization
(WHO), over 1.5 billion people globally suffer from hearing loss, 466 million of them
disabling (Olusanya et al., 2019; WHO, 2021). The same reports suggest that the numbers
will almost double by 2050 (Olusanya et al., 2019; WHO, 2021). Unaddressed hearing loss
costs the global economy ~US$ 980 billion annually (WHO, 2021). Furthermore, a recent
meta-analysis suggested that hearing loss is a modifiable factor for dementia (Lin and Black,
2017; Loughrey, 2022). Untreated hearing loss correlates with accelerated cognitive decline,
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anxiety, and depression (Lin et al., 2011; Gallacher et al., 2012;
Mener et al., 2013; Chung, 2015; Hopper et al., 2016; Keidser
and Convery, 2016; Livingston et al., 2017, 2020). It has been
suggested that treating hearing loss will decrease the risk of long-
term cognitive decline by 19% (Yeo et al., 2023).

To provide better access to hearing aids and lower the devices’
costs for patients with perceived mild to moderate hearing loss,
on August 16, 2022, the Food and Drug Administration (FDA)
established new rules for the distribution of hearing aids. They can
now be distributed to adults “over the counter” (OTC) without the
written statement signed by a licensed physician that the patient’s
hearing has been medically evaluated and the identified hearing loss
makes the patient eligible for a hearing aid. While this regulatory
change provides some patients direct access to hearing aids, the
hearing aid fitting creates challenges for both the patient and the
hearing aid providers. OTC hearing aids should be programmable
outside of a clinical setting because patients are no longer required
to visit or consult an audiologist or physician. In other words, it
must be possible to “self-fit” the devices.

Hearing aid fitting typically starts by assessing the patient’s
audiogram (Hughson and Westlake, 1944; ANSI, 1978; ASHA,
1978; Ravn and Preves, 2015), which provides the base for
the hearing aid amplification settings. The settings are assigned
using well-known prescriptive standards such as National Acoustic
Laboratories (NAL), Desired Sensation Level (DSL), or others using
the patients audiogram (Byrne et al., 2001; Keidser and Convery,
2018). In other words, the audiogram is the starting point for
the fitting process. In the following steps, each patient optimizes
the hearing aid’s settings. Since the fitting is an iterative process
that requires the patient’s feedback, it is not crucial how well the
starting point matches in a hearing aid self-fitting or clinical fitting
procedure. The alignment between the audiogram obtained by the
audiologist or obtained by the self-fitting procedure is primarily
to satisfy the need for documentation. Following this logic, no
audiogram would be required for the fitting process. The fitting
could start with an arbitrary audiogram, aligning somewhat with
the patient’s hearing ability. Using such an approach, the fitting will
likely take more iterations. We suggest that a good alignment of the
results from the self-fitting will optimize the fitting procedure.

Self-fitting of hearing aids is not a novel concept and has
been explored under clinical supervision (Convery et al., 2015;
Keidser and Convery, 2016, 2018). In this context, a fitting
procedure using the Gaussian Process Classification has been
proposed to obtain continuous pure-tone threshold curves (Yang
et al., 2016; Cox and De Vries, 2021; Boven et al., 2023). The
procedure differs from the established hearing aid fitting in a
clinical setting, where the hearing aid is adjusted step-by-step,
following well-described procedures based on the audiogram.
The new procedure combines in-situ pure-tone audiometry with
Bayesian statistical inference. Our recent study verified that
differences in hearing obtained with pure tone audiometry
and the Gaussian Process implemented on a hearing aid are
within 3 dB of the standard audiogram (Boven et al, 2023).
In this study, the pure tone audiometry that was used as a
reference for the self-administered hearing test was given by a
licensed audiologist.

This clinical study built on and expanded our previously
published results (Boven et al., 2023). It was an effort to validate
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our method for patients to fit their hearing aids outside of a
clinical setting using their hearing aids. The study had an in-
lab session and a wear-time trial. The in-lab session used a
repeated-measures design to assess the reliability and validity
of the self-fitting method. The gold-standard measure for the
acoustical function of hearing aids was used to assess the reliability
of the method; differences in acoustical real-ear aided response
(REAR) between two replications of self-fitting the hearing aids
(SF) for the robustness and the differences between the SF and
the outcomes after fitting the hearing aids by a licensed clinician
(CF) to validate the self-fitting of the hearing aid. Differences
were tested for significance and the non-inferiority of the self-
fitting. The field trial included 7-14 days of wear time. For
the wear-time trial, the primary outcome measure is a widely
used clinical self-report measure of benefit (Abbreviated Profile
of Hearing Aid Benefit, APHAB). For both the laboratory testing
and the field trial, patient performance was quantified by the
QuickSIN test, a standardized measure of speech communication
in noise.

2 Methods

This study tested the hypothesis that a self-fitting procedure
of hearing aids, based on the GP, is non-inferior to the
hearing aid fitting by a licensed audiologist. The performance
was tested in an over-the-counter hearing aid (Sontro OTC
Hearing Aid) in adults with mild to moderate sensorineural
hearing loss. The reliability and validity of the self-fitting method
were examined in an in-lab session. A single-blinded, counter-
balanced wear-time field trial evaluated the validity of the self-
fitting method.

2.1 Study participants

2.1.1 Subject number justification and target
group

The number of test subjects was estimated before starting the
study with G*Power using the median values and the variability
obtained from published results. The primary outcome measure
of the wear-time field trial, the APHAB, powered the sample
size. It is the most variable of the outcome measures across all
components of this study. Enrollment targets were set to include
an equal number of male and female subjects, a representative
balance of race and ethnicity, an age group of 18-75 years
(primarily 50-70 years, with an average age of ~60 years), and
a mix of prior hearing-aid use (aiming for 70-80% persons
with no prior hearing aid use). Reading and comprehending
English and providing informed written consent was another
inclusion criterion.

2.1.2 Subject recruitment and inclusion criteria

An initial telephone or internet screening of interested persons
took place. During this remote screening, prospective subjects
provided their age (subject to verification at Visit 1) and answered
a Yes/No question about whether they have difficulties in hearing
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in noise. Those who responded with “No” were not considered for
enrollment. Those who answered with “Yes” were asked to describe
their perceived hearing loss on a 4-point scale (no difficulties,
little difficulties, a lot of difficulties, and they cannot hear).
Prospects who answered at the two extremes were not considered
for this study. Those who responded with “little difficulties” or
“a lot of difficulties” were invited to the in-person screen that
immediately preceded the hearing aid fittings during visit 1.
A licensed audiologist assessed the hearing threshold for each
participant before the study to determine whether to include a
prospect. The testing equipment was a standard audiometer at the
clinic. The study inclusion criterion was mild-to-moderate bilateral
sensorineural hearing loss, with hearing threshold elevations >20
dB at least at one frequency ranging from 250 to 8,000 Hz. Hearing
thresholds at 500, 1,000, 2,000, and 4,000 Hz must be <65 dB
hearing level (HL), respectively.

2.1.3 Exclusion criteria

Vulnerable patients were not enrolled in this study. Other
exclusion criteria included hearing outside of the limits noted
above. Subjects were excluded upon self-reported ear-related
pathology, surgery, head
trauma/injury, a family history of non-age-related hearing

including previous middle ear
loss, sudden hearing loss, fluctuating hearing loss, active discharge
from the ear, pain, fullness, and history of Méniére’s disease.
Patients were also excluded during the otoscopy evaluation if
excessive ear wax completely covered the tympanic membrane,
drainage, tympanic membrane perforation, presence of a foreign
body, and infections.

2.1.4 Compensation

For participating in the study, the individuals either received a
$500 gift card or could keep the pair of hearing aids used during
the study.

2.2 Sequence of study events and data
acquisition

2.2.1 Procedures during visit 1 (session 1)

After the patients arrived at the clinic following the telephone
or internet screening and invitation to the study, they completed a
nine-step study protocol.

Step 1: The inclusion criteria were validated by taking the case
history, the ability to read and comprehend English, the patients’
willingness to provide written informed consent, and were 18 years
old or older.

Step 2: The study and its procedures were explained to the
patient, questions by the patient were answered, and written
informed consent was obtained. The subjects’ payment forms were
completed, and relevant demographic information, such as age and
gender, was collected.

Step 3: The best receiver in canal (RIC) and open ear dome size
were selected by the patient under the guidance of the audiologist

to comfortably fit the Sontro~ Hearing Aid to the subjects’ ears.
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Step 4: All subjects completed an unaided (no hearing aids)
Abbreviated Profile of Hearing Aid Benefit (APHAB) test using the
Harlmemphis.org APHAB program on a tablet.

Step 5: In a sound-reduced enclosure, the AVANT (Stealth)
Audiometer (MedRx, Inc., Largo, FL) was used to assess the
patients’ hearing and to confirm their eligibility for the study.
The audiogram also served the audiologist to fit the hearing aids
(CF). Thresholds at 3 and 6 kHz were included for the fitting by
the audiologist.

Step 6: All subjects completed two practice lists of the
QuickSIN test (unaided; lists 1 and 2) using the QuickSIN module
of the audiometer, followed by two lists in the unaided condition.

Step 7: All subjects placed the first set of Sontro®
Aids into their ears, connected them to the app on the phone

Hearing

provided, and repeated the hearing test with the hearing aids.
The resulting audiogram was stored and used to complete the
self-fit prescription called SFA. The procedure was repeated with
the second set of Sontro® Hearing Aids. The audiogram was
stored and used to complete the self-fit prescription called SFB.
The clinician entered the data from each audiogram into the
audiometer’s Real Ear measurement module to generate upper
gain targets at 90 dB HL and lower gain targets at 50 dB
HL for all three fitting conditions. These target gains were
generated using the second-generation prescription procedures
from the National Acoustics Laboratories (NAL) for fitting hearing
aids (NAL/NL2).

Step 8: After completion of each fitting condition, the
aided QuickSIN scores were determined in the sound-reduced
enclosure using two lists, out of all available lists, as directed
in a randomization spreadsheet. Half of the subjects wore the
devices fitted with the settings obtained by the SFA procedure,
and half of the subjects after the device was fitted with the SFB
procedure. The other subjects wear the pair of hearing aids fitted
by the clinician, the CF procedure. Subjects were blinded to the
setting for the field trial. The field trial setting was specified in a
randomization spreadsheet.

Step 9: After Visit 1, each subject was provided with one set of
hearing aids, a pack of 312 batteries, and a copy of the hearing aid’s
Quick Start Guide (“QSG”). Questions regarding the QSG were
addressed before the patient left for the field trial. Furthermore,
each subject demonstrated that they could insert and remove the
battery, adjust the volume with the rocker switch on the device,
and power on and off the device. Subjects could only fine-tune the
adjustments to the hearing aid during the field trial for volume.
Upon returning to the clinic for visit two, the hearing aid settings
were recorded as “after trial fit”. For the wear-time field trial,
subjects were asked to wear the devices a minimum of 2 h per day
in a variety of listening situations during the trial, including (1)
while listening to music, (2) while watching TV, (3) while using
the telephone, (4) while visiting noisy environments such as a
restaurant, (5) while talking with a group of people of two or more.

2.2.2 Procedures during visit 2 (session 2)

After the one to two-week wear-time trial, the subjects returned
to measure the REAR, completed the aided APHAB, and aided
QuickSIN tests.
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2.3 Study procedures

2.3.1 Real-ear aided response (REAR)
2.3.1.1 Description of the test

The real-ear-aided response (REAR) is a method to verify
the hearing aid’s output within 5mm of the tympanic membrane
(Mueller, 2001; Sinclair et al, 2001). During the real-ear
measurements, a thin probe microphone was inserted into the ear
canal alongside the hearing aid to measure the sound pressure level
SPL in dB (re 20 LPa), as a function of frequency, at the specified
measurement point in the ear canal, for a specified sound field,
with the hearing aid (and its acoustic coupling) in place and turned
on. The audiologist recorded the sound levels the user received
from the hearing aid. In the clinical setting, the audiologist adjusted
the sound levels to match target amplification levels based on the
hearing aid user’s hearing loss across the speech frequencies.

2.3.1.2 Implementation of the REAR in the study, data
analysis, and statistical testing

In this study, probe-tube microphone measures of the REAR
were obtained for @65 dB SPL speech input using the real-
ear measurement module of the audiometer. Pure-tone levels
at 500, 1,000, 2,000, and 4,000 Hz were averaged, and averages
were compared between the different experimental groups. To
determine the robustness of the self-fitting procedures, REAR
values were measured twice after self-fitting the hearing aid, trial
A (SFA) and trial B (SFB). Differences between REAR values
after the self-fitting (REARspa-REARgrp) were averaged, and the
corresponding standard deviations, standard errors, and 95%-
confidence intervals were calculated. The results were tested for
normal distribution using the Jarque-Bera test, [h,p] = jbtest(x)
(MATLAB, R2022b). The test provides a decision [h, with h = 1,
indicating that the data (x) are not normally distributed] and
the corresponding probability (p). The significance level was 0.05.
The Mann-Whitney U Test (Wilcoxon rank sum test), [p,h] =
ranksum(x,y), (MATLAB, R2022b), was used to test the null
hypothesis that data in x and y are samples from continuous
distributions with equal medians, against the alternative that they
are not. Again, the test provided a decision [h, with h = 1 rejecting
the null hypothesis] and the corresponding probability (p) for
the decision. For the self-fitting procedure’s non-inferiority (NI)
testing, the NI margins (M) were M; = —5 dB and M, = 5 dB.
Non-inferiority was established for M; < 95% CI lower bound
and 95% CI upper bound < M,. Significance levels for the 95%
CI calculations were adjusted for multiple tests on the dependent
variable by applying the Bonferroni method.

The REAR values were also determined after a licensed
audiologist (CF) fitted the hearing aid. The average of the
differences and corresponding standard deviations, standard
errors, and 95%-confidence intervals between the clinical and self-
fitting procedures in session 1 (REARc-(REARgps +REARgER)/2).
For the wear-time field study, the REAR values obtained in session
1 (S1) during visit 1 were compared with the REAR values in session
2 (S2) during visit 2. Since not every participant had the same
procedure, the differences in the averages, mean (REARgr) — mean
(REARcE), and the corresponding pooled standard deviations,
standard errors, and 95%-confidence intervals were calculated.
Results were tested for normal distribution using the Jarque-Bera
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test with a significance level of 0.05. The Mann-Whitney U Test
(Wilcoxon rank sum test) was used to compare differences between
the groups with a significance level of 0.05. For the self-fitting
procedure’s non-inferiority (NI) testing, the NI margins (M) were
M; = —5 dB and M, = 5 dB. Non-inferiority was established
for M; < 95% CI lower bound and 95% CI upper bound < M.
The significance levels for the 95% CI calculations were adjusted
for multiple tests on the dependent variable by applying the
Bonferroni method.

The sequence of the hearing aid fitting was randomized for the
patients: (1) SFA, SFB, CF; (2) SFA, CE SFB; and (3) CE, SFA, SFB.
An equal number of subjects received each sequence at each site.

2.3.2 Abbreviated profile of hearing aid benefit
(APHAB)
2.3.2.1 Description of the test

The APHAB is a 24-item self-assessment inventory. Patients
report their difficulties with communication or noises in various
everyday situations. The benefit is calculated for each patient by
comparing the reported difficulty in the unaided (no hearing aid)
with the difficulty in the aided condition (using amplification). The
APHAB produces scores for the Ease of Communication (EC),
Reverberation (RV), Background Noise (BN), and Aversiveness
(AV). The APHAB-global score (GLB), based on all 24 items,
increases the reliability of the test.

2.3.2.2 Implementation in the study, data analysis, and
statistical testing

Although it is possible to collect unaided and aided scores at the
same time by asking the subject to reflect on unaided listening, we
obtained unaided APHAB scores during Visit 1 before the initiation
of the wear-time trial and determination of the aided APHAB
scores during (Visit 2).

The differences in the APHAB scores, aided vs. unaided,
provided the benefit (APHABy,fi) of using the hearing aid. They
were determined by a licensed audiologist during visit 2 after the
field trial that followed the fitting of the hearing aid with the
self-fitting procedures SFA and SFB and clinical fitting procedure
CF. The differences between average APHABpe,ef¢ scores, the
corresponding pooled standard deviation, pooled standard errors,
and 95%-confidence intervals after the clinical-fitting and self-
fitting [mean (APHABpepefit cp) — mean (APHABpepest sp)] served
to test for equivalence and non-inferiority of the self-fitting
procedure. The NI margin for the differences between the benefits
was <8.4. Results were tested for normal distribution using the
Jarque-Bera test with a significance level of 0.05. The Mann-
Whitney U Test (Wilcoxon rank sum test) was used to compare
differences between the groups with a significance level of 0.05.
For the self-fitting procedure’s non-inferiority (NI) testing, the NI-
margin (M) was M = 8.4. Non-inferiority was established for the
95% CI upper bound < 8.4. Note that significance levels for the 95%
CI calculations were adjusted for multiple testing on the dependent
variable by applying the Bonferroni method.
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TABLE 1 Study participants enrolled in the study.

10.3389/fauot.2024.1437469

2.3.3 QuickSIN
2.3.3.1 Description of the test

The QuickSIN speech-in-noise test provides 12 lists of six
sentences to test the ability to understand speech in background
noise at six signal-to-noise ratios (SNRs), 25, 20, 15, 10, 5, and 0
dB. Performance is scored using 5 keywords per sentence, resulting
in 30 keywords scored per list. The signal-to-noise ratio (SNR)
for which 50% of the presented words are intelligible is calculated
by subtracting the number of correct words (out of 30) for a
given list from 25.5 (Killion et al., 2004). The test is time efficient;
administering a single list takes ~1 min. The standard deviation for
an SNR estimate using a single list is 1.4 dB. Averaging multiple lists
results in a lower standard deviation (Killion et al., 2004).

2.3.3.2 Implementation in the study, data analysis, and
statistical testing

At the end of the initial screening during patient visit 1, the SNR
loss was determined using two lists presented as practice lists (lists 1
and 2). Out of the remaining 8 lists (lists 3-10), two were randomly

Frontiersin Audiology and Otology 05

Enrolled Age_min Age_max Age_avg Age_std
Female 24 16 31 75 60.5 11.6
Male 22 13 36 70 56.3 11.9
Female + male 46 29 31 75 58.4 11.7
By ethnicity N (%)
White/Caucasian 23 79.3
Hispanic 0 0.0
Hispanic/Black 0 0.0
Black/African American 3 10.3
Asian 3 10.3
Total enrolled 29 100
assigned to each of the following conditions: unaided (during initial
screen; to permit measures of relative benefit), in-lab final SFA, in-
0 lab final SFB, in-lab final CF, and at the end, the one-to-two-week
~ field-trial wear period (Visit 2; either SF or CF). The condition,
kel 20 ? ot order, and list pair assigned for each condition were randomized
% for each subject. Each QuickSIN score was based on two lists, 60
(0] - . . .
£ ~ 40 keywords. No list was repeated for a given subject.
cT All QuickSIN measures, unaided and aided, were binaural. The
S i
58 60 patients were sitting in a chair in the center of the sound-reduced
-§ - enclosure facing the speaker, from which the test materials were
8 80 played (0 degrees azimuth, 1-meter distance). The level was chosen
‘5 to approximate a typical conversational level (60-65 dB SPL) and
100 match the speech input level used for the REAR measures (65 dB
=x=le tea S SPL). The level of the co-located background four-talker babble
120 fight ears increased across the six sentences for signal-to-noise ratios (SNRs)
S IS ranging from +25 to 0 dB SNR (in steps of 5 dB). The subjects
10° 10* were asked to repeat each sentence. The audiologist scored whether
frequency (Hz) the subjects correctly repeated the predetermined keywords in each
sentence. The resulting scores were interpreted as an SNR loss
FIGURE 1 . . .
The audiograms obtained from the included participants’ left and Whe.re a value flear 0 1{1d1caFes ‘bette? hearing and larger values
right ears. The averages + one standard deviation are shown. indicate more difficulty listening in noise.
The QuickSIN test was given for four conditions: unaided,

with the aid of the self-fitted hearing, QSINgps, and QSINggp,
and after the hearing aid fitting by an audiologist, QSINcg. The
results were tested for normal distribution using the Jarque-Bera
test with a significance level of 0.05. The Mann-Whitney U Test
(Wilcoxon rank sum test) was used to compare differences between
the groups with a significance level of 0.05. Non-inferiority of the
self-fitting (SFA or SFB) vs. the clinical fitting (CF) procedure was
tested after the field trial (QSINcp-QSINgE). For the self-fitting
procedure’s non-inferiority (NI) testing, the NI-margin (M) was
M = —1.5. Non-inferiority was established for the 95% CI lower
bound >—1.5. The significance levels for the 95% CI calculations
were adjusted for multiple tests on the dependent variable by
applying the Bonferroni method.

2.4 Study endpoints

The two primary endpoints to test for non-inferiority of the
self-fitting procedure vs. the clinical fitting were the outcomes
of the REAR measurements and the APHAB score. The three
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FIGURE 2

(A,B) REAR (@65 dB SPL) after the hearing aid was self-fitted by the participant (black circles and blue diamonds) and fitted by a licensed audiologist
(green circles). Outcomes are similar.
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average sound level (dB SPL) average sound level (dB SPL) average sound level (dB SPL)
after self-fitting trial_B after clinical fitting session 2
FIGURE 3

REAR measurement results (@65 dB SPL) after the hearing aid was self-fitted by the participant and fitted by a licensed audiologist. Sound levels at
500, 1,000, 2,000, and 4,000 Hz are averaged. In (A) the participants’ test-retest reliability is shown; in (B) the averaged participants’ REAR levels after
the self-fitting procedure are compared with the results after the clinical fitting. (C) Compares the results from session 1 (S1) with those obtained in

session 2 (S2). Red circles are data from the right and blue crosses from the left ear.

secondary endpoints were the performance on the QuickSIN
test. The robustness of the self-fitting procedure was tested using
the results from the REAR measurements, the APHAB, and
QuickSIN tests.

2.5 The hearing aid

Sontro”™ Hearing Aids have been used for the clinical
study. The device has been designed for users 18 years and
older to treat their perceived mild to moderate hearing loss
through sound amplification. To meet their hearing needs,
hearing aid users can adjust the device’s settings without the
aid of a hearing care professional. The fitting of the hearing
aids is done with an app called otoTune®, installed on the
patient’s smartphone. The app instructs installing the batteries
into the hearing aid battery door. Closing the door activates the
Hearing Aid. After the left and the right Hearing Aids were
placed into the user’s ear canals, the user paired them with
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the smartphone. If the Hearing Aids were powered on for the
first time, they started with basic settings and a small linear
gain of <15 dB. User controls were limited until the self-fitting
process with the dedicated fitting feature on the otoTune® app
was completed.

During the fitting procedure, the hearing aid presented the
users with a series of tones. The user taped the app on the
smartphone screen to indicate when or if a tone was heard.
Based on the user’s responses to these tones, initial gain settings
were applied according to the NAL/NL2 fitting algorithm. This
self-assessment of hearing loss, described in detail in a previous
publication (Boven et al.,, 2023), does not provide the user with
feedback about the accuracy of their responses, nor does it give
the user a diagnosis or information about their hearing loss. The
information obtained during this process is used internally to fit the
device to the NAL/NL2 prescribed gain by frequency in each ear.
An important element of the Sontro® Hearing Aid is the possibility
of fine-tuning the devices for volume via the rocker switches after
the initial fitting. During the self-fitting, the Hearing Aids monitor
the broadband background noise level. If the noise level was too
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TABLE 2 Outcome measures from the REAR test.

10.3389/fauot.2024.1437469

REARCp — (REARgpa  REARgps — REARgEp REARCE(s1) —

+ REARgpp)/2 REARC(sy)
Number of sets 58 58 22 36
Both ears
avg_all 0.2 —0.1 —0.5 —0.2
std_all 1.9 25 1.9 1.5
serr_all 0.2 0.3 0.4 0.3
95% CI_upper bound_all 0.8 0.7 0.6 0.4
95% CI_lower bound_all —0.4 —0.9 —1.5 —0.9
Number of sets 29 29 11 18
Left ears
avg_left 0.0 —0.4 —0.6 —0.2
std_left 2.1 32 1.3 1.2
serr_left 0.4 0.6 0.4 0.3
95% CI_upper bound_left 0.9 1.0 0.4 0.5
95% CI_lower bound_left —0.9 —1.8 —1.6 —0.9
Right ears
avg_right 0.3 0.3 —0.3 —0.3
std_right 1.7 1.5 23 1.9
serr_right 0.3 0.3 0.7 0.4
95% CI_upper bound_right 1.1 0.9 1.5 0.8
95% CI_lower bound_right —0.4 —0.4 —22 —13

loud during the hearing assessment and self-fitting, the user was
instructed to repeat the self-fitting in a quieter environment.

2.6 Ethics declaration

All experimental procedures with human subjects followed
ethical standards and the 1964 Helsinki Declaration and its later
amendments. The study was submitted and approved by BRANY
IRB (BRANY File # 22-02-771-1327). Each subject gave informed
written consent before participating in this study.

3 Results
3.1 Test subjects

Forty-six potential patients were screened. Twenty-nine, 13
men and 16 women fulfilled the inclusion criteria and enrolled in
the study. By ethnicity, 79.3% (N = 23) were White/Caucasian,
10.3% (N = 3) Black/African American, and 10.3% (N = 3) Asian
(Table 1). All patients who were enrolled completed the study. The
age of the patients ranged from 31 to 75 years, on average 58.9
+11.7.

The educational level was a different demographic obtained
during enrollment. Participants had a Doctoral degree (N = 1, 3%),
a Master’s degree (N = 5, 17%), a Bachelor’s degree (N = 12, 41%),
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an Associate degree (N = 2, 7%), and some college education (N =
9, 31%).

The inclusion criterion required at least one hearing threshold
>20 dB HL. This selection criterion bears the possibility that for the
frequency range between 250 and 8,000 Hz, many individuals may
have normal hearing at most or nearly all audiometric frequencies.
The audiograms of the left and right ears are shown in Figure 1.
With an evident hearing loss of more than 20 dB for frequencies
above 1,000 Hz, the device must provide amplification, and the
setting of the hearing aid gain through self- vs. clinical fitting
is crucial.

3.2 Real-ear-aided response (REAR)

The sound pressure level in dB relative to 20 pwPa (SPL)
was determined as a function of frequency at a specific point
in the ear canal with the hearing aid in place and turned
on. Measurements were completed after the hearing aids were
fitted using the SFA, SFB, and CF procedures. They are shown
in Figure 2. The results demonstrate that little amplification is
required at 500 and 1,000 Hz. Different for 2,000 and 4,000 Hz.
REAR outcomes following the self-fitting procedure, trial A
and trial B, and the fitting by a licensed audiologist are
similar at the selected frequencies. The confidence intervals
of the REAR differences after self- and clinical fitting of
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TABLE 3 Results from the two-sided Wilcoxon rank sum test to test the
null hypothesis that data are samples from continuous distributions with
equal medians, against the alternative that they are not.

Criterion tested decision (0 = not

significant)

Left ear: 0.85 0
REARGgps -RAERgkp

Right ear: 0.77 0
REARsps -RAERgEp

Both ears: 0.91 0
REARgpa-RAERgEp

Left ear: 0.70 0
REARcr(s1)-REARsE(s1)

Right ear: 0.60 0
REARCE(s1)-REARsk(s1)

Both ears: 0.51 0
REARcr(s1)-REARsE(s1)

Left ear: 0.22 0
REARCF(s2)-REARsE(s2)

Right ear: 0.26 0
REARCE(s2)-REARs(s2)

Both ears: 0.11 0
REARCF(s2)-REARsE(s2)

APHAB-anCﬁtGLgic}: - 0.57 0
APHAB-benefitgrp _sp

APHAB-benefitgc cp- 0.56 0
APHAB-beneﬁtEc_sp

APHAB-benefitpy cp- 0.22 0
APHAB-benefitgy sp

APHAB-benefitgy cp- 0.17 0
APHAB-anCﬁtBN_SF

APHAB-benefitay cp- 0.74 0
APHAB-benefitay sp

QSINspa — QSINspp 0.60 0
QSINcr(s1) — QSINsE(s1) 0.41 0
QSINcE(s2) = QSINsE(s2) 0.79 0

All results showed that differences are not statistically different.

the hearing aids were within —5 and 5 dB SPL in each
frequency band.

In addition to sound levels at individual frequencies, the
average sound levels were then calculated using the results at
500, 1,000, 2,000, and 4,000 Hz. In Figure 3A, the outcomes after
fitting the hearing aid using the self-fitting procedures SFA and
SEB were compared to document the robustness of the procedure.
Figure 3B shows the results following the self-fitting, SF (SF = (SFA
+ SFB)/2), and the clinical fitting CF procedures. Figure 3C shows
the REAR levels after the self- and clinical fitting of the hearing aid
during session 1 and the clinic fitting in session 2. The REAR values
are comparable for all three conditions after the self- and clinical
fitting and for the left and right sides (Figure 3).

Table 2 shows the averages in sound levels for those frequencies,
the differences between the average sound levels following SFA
and SFB (REARgspA-REARgpp), and the difference in average
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sound levels after the SF and the CF in session 1 (REARcEg-
(REARgpA+REARgEg)/2), and the SF and CF procedure after the
field trial (before-after). The 95% confidence intervals (CI) were
calculated for both ears and the right and left ears separately.

The Jarque-Bera test showed that all REAR values from the
left ear and the combined left and right ear data are not normally
distributed. The two-sided Wilcoxon rank sum test was used to
test the null hypothesis that data are samples from continuous
distributions with equal medians against the alternative that they
are not. Results for the different conditions tested are shown in
Table 3.

A non-inferiority analysis was conducted to further compare
the outcomes of the self-fitting and clinical fitting procedures.
The REAR results showed that the self-fitting procedure was
non-inferior to the clinical-fitting procedure (Figure 4). For the
calculations of the confidence intervals, the significance level was
adjusted for the number of analyses on the dependent variable, two
primary endpoints, using the Bonferroni method (Table 4).

S1-S2 shows the difference between the average performance
on the QuickSIN test after the clinical fitting and the clinical
fitting. Bars show the confidence interval, 95% CI [—1.3, L.5].
SFA-SFB shows the difference between the average performance
on the QuickSIN test after the clinical-fitting trial A (SFA) and
the self-fit trial B (SFB). Bars show the confidence interval, 95%
CI [—1.1, 1.3]. CE-SF shows the difference between the average
performance on the QuickSIN test for the field study. One
group had the clinical fitting, and the other had the self-fitting
procedure for the hearing aids. Bars show the confidence interval,
95% CI [—1.5,0.8].

3.3 Abbreviated profile of hearing aid
benefit (APHAB)

The APHAB is a self-assessment inventory for patients to
rate their challenges with communication or noises in various
everyday situations. The scores and benefits of the hearing aid for
the two approaches, clinical-fitting and self-fitting, are shown and
quantified (Figure 5). Both approaches show an improvement in
the APHAB scores for the global (GLB), ease of communication
(EC), reverberation (RV), and background noise (BN). The
aversion (AV) increases after using the hearing aid for the clinical
fitting and the self-fit group. Scores during session 2 (S2) were lower
than during session 1 (S1), demonstrating a perceived benefit of
the hearing aid use. Scores between the self-fitting and the clinical
fitting groups compare, being higher in the clinical-fitting group.
Session 2 reflects the self-assessment after 1 week of hearing aid use.

A graphic representation of the data is given in Figures 5,
6. Green markers indicate the data obtained from the patients
using the clinical fitting, and the red circles show the data from
the patients with the self-fitting procedure. All hearing aid fitting
procedures show an improvement of the APHAB scores for the
global (GLB), ease of communication (EC), reverberation (RV),
and background noise (BN). The aversion (AV) increases after
using the hearing aid for the clinical-fitting and the clinical-fitting
groups. The raw data, averages, and standard deviations are shown
in Figure 6. The red markers show the data for the clinical fitting,
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The point estimate of the REAR values (both ears) for the self-fitting procedure is 1.9%, favoring the clinical fit. The figure shows the difference
between the means, lower, and upper bound of the 95%-confidence interval. The point estimate of the REAR measurements
REARcE-(REARspa+REARseg)/2 demonstrates non-inferiority. The upper bound of the 95% CI for clinical-fitting benefit—clinical-fitting benefit is <M,

and the lower bound is <0, demonstrating non-inferiority.

circles for the raw data, circles with black lines for averages & one
standard deviation, the green markers show the data for the clinical
fitting, circles for the raw data, and circles with black lines for
averages + one standard deviation. The cyan diamonds indicate the
differences in benefits of using a hearing aid for clinical fitting and
self-fitting procedures. Differences >0 favor the clinical fitting, and
differences <0 favor the self-fitting; for differences =0, none of the
conditions is favored.

To test for non-inferiority in hearing aid benefits using the self-
fitting and the clinical-fitting procedures, we calculated the averages
= one standard deviation of the benefits determined by the APHAB
for the two conditions (Figure 4). The average differences of befit
for the hearing aid use are 1.9 £ 6.9,2.0 = 11.7, —6.0 £ 15.6, 7.0 &
11.2,and 0.2 £ 16.1 for GLB, EC, RV, BN, and AV, respectively. Note
that the standard deviations reflect the pooled standard deviations
for the two groups. For the non-inferiority testing, the confidence
intervals are calculated; the upper and lower bounds are shown in
Figure 4. Since the sample size in any of the groups is below 30, the
value for t-critical was taken from the t-distribution table of critical
values with a degree of freedom of 27 (n1 + n2 - 2), with nl the
number of patients in the clinical-fitting group, and n2 the number
of patients in the CF group.

The GLB was one of the primary endpoints for our study, with
a non-inferiority margin of 8.4%. The average difference for the
hearing aid benefits (clinical-fitting minus self-fitting) determined
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by the global results of the APHAB is 1.9%, with a 95% CI [—4.35,
8.21]. The point estimate of the clinical-fitting benefit—clinical-
fitting benefit is 1.9%, favoring the clinical fit. The lower bound,
—4.35%, is below 0, and the upper bound of the 95% CI for clinical-
fitting benefit-clinical-fitting benefit is 8.21% < M, demonstrating
non-inferiority (Figure 4).

3.4 Quick speech-in-noise (QuickSIN) test

The SNR losses in dB for the subjects participating in the
study are shown in Figure 7. For all patients, the performance
on the QuickSIN test was first obtained without a hearing aid
(QSINynaided)- It was then repeated with a hearing aid after fitting
it with the self-fitting (QSINgpa and QSINgpp) and the clinical
fitting (QSINcp) procedure. The plots in Figure 7A show that
hearing aids improve performance for participants with hearing
loss. Figure 7B shows the results after the two trials of self-
fitting the hearing aids; red circles show the values obtained
after SFA, and the blue circles after SFB. Figure 7C compares
the performance after using the clinical fitting and self-fitting
procedure following the one-week field trial. The results for
the three secondary endpoints (SE1 to SE3) are tabulated in
Table 4.
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TABLE 4 Averaged results from the QickSIN tests.

Raw data
Session 1 (S1) Session 2 (S2)
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g Al JZ %) L0
z == === z4
0 8 0 v 8 0 v
(@) 20 =20 do
Number of sets 29 29 29 29 10 8 11 29 29 29 18 11
Avg 2.84 2.07 1.79 1.55 1.60 1.81 1.64 1.93 —0.38 0.28 1.69 1.64
Std 252 1.82 1.26 1.44 1.56 1.44 1.70 131 1.28 1.72 1.47 1.70
Serr 0.47 0.34 0.23 0.27 0.49 0.51 0.51 0.24 0.24 0.32 0.35 0.51
Avg (QSINcr) - Avg (QSINsr) —0.06
std_p 1.56
serr_p 0.60
95% CI_upper bound = [avg(QSINc) - avg(QSINgg)] + tc*s_error 0.183 1.032 1.36
95% CI_lower bound = [avg(QSINcE) - avg(QSINsg)] - tc*s_error —0.94 —0.48 —1.47
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FIGURE 5
(A—E) APHAB test scores. Blue diamonds indicate that the hearing aid was self-fitted, and green circles indicate the outcomes of a healthcare
professional fitting the hearing aid. The APHAB benefit is calculated by subtracting the patient’s reported scores (difficulty) in the aided condition from
their scores (difficulty) in the unaided condition. The hearing aids benefit if the data points are below the broken line (APHAB scores unaided > APHAB
scores aided). While the data are variable, no clear difference between clinical fitting and self-fitting of the hearing aids can be seen from the plots.

While S2-S1(CF) provides the difference between the
performance on the QuickSIN test in session 1 and session
2 after the field trial with the clinical fit of the hearing
aid, S2-S1(SF) provides the difference after the field trial
with a clinical fitting of the hearing aid. The columns with
the header SFA-SFB provide the performance in session
1 the QuickSIN

on test after the clinical-fitting trials,
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QSINgpa, and QSINgpg. The columns with the header CF-
SE provide the performance in session 1 on the QuickSIN
test after the self-fitting (QSINsp) and the clinical fitting
(QSINcE) procedure.

The QuickSIN SNR losses in Figure 7A appear considerably
lower and more homogeneous than those previously reported in
other extensive studies (Fitzgerald et al., 2023; Smith et al., 2024).
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This may indicate that most of the patients had normal or near-
normal hearing. Figure 8 shows QuickSIN SNR losses in our study.
They are in agreement with the reported values in the literature. For
example, Fitzgerald et al. (2023) demonstrated the relation between
the high-frequency pure tone average (HFA), an average of the
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FIGURE 6
The figure shows the hearing aid benefits obtained by subtracting
the APHAB scores for the aided from the unaided condition. The
benefits for the clinical-fitting group (green circles) and the
self-fitting group (blue diamonds) in sessions 1 and 2 are shown.
The averaged benefits for the clinical-fitting group (green circles
with black lines) and the self-fitting group (blue diamonds with black
lines) in sessions 1 and 2 are plotted next to the raw data. Error bars
equal £ one standard deviation. The differences in hearing aid
benefits for the self- and clinical fitting procedures were calculated
by subtracting the average of the APHAB scores after self-fitting the
hearing aids from those obtained after the clinical fitting procedure
(cyan diamonds with black lines). The error bars show the pooled
standard deviations for the differences. Abbreviations for the
sub-categories of the APHAB are global (GLB), ease of
communication (EC), reverberation (RV), background noise (BN),
and aversion (AV). Averages and standard deviations were calculated.

10.3389/fauot.2024.1437469

audiogram at 1,000, 2,000, and 4,000 Hz, and the SNR loss. An HFA
<15 dB HL (normal hearing) has a mean QuickSIN SNR loss of
2.16 dB (range: —3.5 to 13.5 dB), an HFA of 16-25 dB HL (normal
hearing) has a mean QuickSIN SNR loss of 3.14 dB (range: —3.5 to
16.5 dB), an HFA of 26-40 dB HL (mild hearing loss) has a mean
QuickSIN SNR loss of 5.09 dB (range: —3 to 25.5 dB), and an HFA
of 41-55 dB HL (moderate hearing loss) has a mean QuickSIN SNR
loss of 8.21 dB (range: —3.5 to 23.5 dB). For the right ears, in our
study, the QuickSIN SNR loss was 2.5 dB (HFA: <15 dB HL), 1.86
dB (HFA: 16-15 dB HL), 3 dB (HFA: 26-40 dB HL), and 7.5 (HFA:
41-55 dB HL); For the left ears it was 2.0 dB (HFA: <15 dB HL),
1.79 dB (HFA: 16-15 dB HL), 3.14 dB (HFA: 26-40 dB HL), and
6.83 (HFA: 41-55 dB HL).

To test the non-inferiority of the clinical fitting procedure, the
difference in performance on the QuickSIN test was compared
with the results after the clinical fitting. The difference in the
averages on the QuickSIN was calculated to compare the two
methods, including the corresponding pooled standard deviations
and confidence intervals (Table 4). The data showed non-inferiority
for the clinical-fitting procedure compared to the clinical-fitting
procedure (Figure 4).

4 Discussion

The study aimed to validate that the self-fitting of hearing
aids is non-inferior to the clinical fitting of the devices. The
study results include the REAR values, outcomes from the APHAB
test, and the results from the QuickSIN test. All primary and
secondary endpoints were reached. The results showed good test-
retest reliability and that the self-fitting of the OTC hearing aids
is non-inferior to fitting the same hearing aids by a licensed
audiologist. OTC hearing aids constitute a viable option in treating
mild-to-moderate hearing loss in adults, with the added benefit
of lower costs to the patients and the ability to treat in locations
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FIGURE 7

The results of the QuickSIN test after the hearing aid fitting during session 1 are shown. The fitting procedures are the self-fitting, SFA and SFB, and
the clinical fitting (CF). (A) Shows the changes before or after the fitting of the hearing aids. The color of the circles indicates the fitting method, SFA
(first trial) by the black circles, SFB (second trial) by the blue diamonds, and clinical fitting shown by the green circles. For participants, changes in the
aided condition appear favorable over the unaided. (B) Shows the outcomes of the QuickSIN test after the two SF procedures, SFA and SFB.
Outcomes are comparable, confirming the test-retest reliability. (C) Shows the outcomes of the QuickSIN test for the field trial (one week of use of
the fitted hearing aid). Outcomes between the self-fitting and the clinical fitting are comparable.
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The figure shows the high-frequency pure tone averages obtained
for the left and right ears of the participants and the corresponding

QuickSIN SNR losses in dB.

with limited access to health care providers. Noteworthy is that
the patient’s audiogram, which serves as the starting point for the
fitting process, was obtained with the hearing aids and the Gaussian
Process as described before (Boven et al., 2023).

Hearing aid fitting by a certified health professional starts with
establishing a starting condition, typically a patient’s behavioral
hearing threshold (audiogram). From this initial information,
amplification parameters for the hearing aid are deduced. The
patient’s hearing experience is then adjusted through fine-tuning.
For over-the-counter hearing aids, the device fitting process needs
the patient, who will accomplish the fitting process. Hereby, the
level of the participants’ education is a factor that can affect the
outcomes of the self-fitting procedure. This study has a significant
number of participants with some college education (N =9, 31%)
and a Bachelor’s degree (N = 12, 41%). The distribution of the level
of education and the relatively small number of study subjects do
not allow a decision on how much education affects the outcomes
of the self-fitting procedure.

The idea of self-fitting hearing aids is not novel (Kopke et al.,
1984). However, barriers to the first concepts included missing
sound sources, training algorithms, and additional user controls
to further fine-tune the device (Dillion et al., 2006). Hearing aid
self-fitting procedures include steps like those of an audiologist.
The procedures enable users to perform threshold measurements,
leading to a prescribed hearing aid setting and fine-tuning. No
audiological support or access to other equipment is required for
this procedure (Kopke et al., 1984; Convery et al., 2011a,b,c; Keidser
and Convery, 2016, 2018). While self-fitting hearing aids have been
commercially available for some time, the challenge for the devices
is the simplicity and robustness of the fitting process. Previously
published results demonstrated that under controlled conditions,
in a sound-reduced environment, the Gaussian process constitutes
a fast and robust method to determine a patient’s audiogram
(Cox and De Vries, 2016, 2021). The audiogram is converted into
amplification settings of the hearing aid and serves as the starting
point for fine-tuning the hearing aid fitting. We expanded on the
concept and have shown that similar results can be achieved in a
“field setting” with a patient’s hearing aid (Boven et al., 2023).
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This study confirmed that self-fitting the hearing aid is non-
inferior to an audiologist’s fitting of the devices. While the results
are reassuring, one must be aware of the limitations of purchasing
hearing aids without the involvement of a physician or audiologist.
The devices are for treating perceived mild to moderate hearing
loss. The patient makes this decision without direct feedback or
reports from a professional healthcare provider. Therefore, patients
with normal hearing thresholds may use a hearing aid. The device
fitting under those conditions, when little to no amplification is
required, is difficult, and the benefit of a hearing aid can be limited.
Our REAR measurements and the APHAB results demonstrate that
the hearing aid can be self-fitted and benefit the patient.

According to large-scale studies, high-frequency pure tone
averages (HFPTA) and the performance on a speech-in-noise test
(QuickSIN) or word recognition test correlate (Fitzgerald et al.,
2023; Smith et al., 2024). While the correlation is obvious, the
variability of the results is still large. For example, patients with
close to normal HFPTA can have a range of QuickSIN SNR losses
found in normal hearing patients and SNR losses in patients with
moderate hearing loss. In both scenarios, the patient may decide
to use a hearing aid. Even if the patient has normal hearing, it
is important that the self-fitting procedure does not overamplify
the sound. In this study we tested, by measuring the REAR, the
acoustic output of the hearing aid after self-fitting and fitting by
an audiologist. We also verified that the results obtained by each
patient are repeatable.

An important question is whether a selection bias in the
testing procedures and materials exist and might have affected
the study outcomes. The QuickSIN test includes 18 lists. The
equivalency of the lists was determined by the mean recognition
performance of normal hearing- and hearing-impaired listeners
(McArdle and Wilson, 2006). Their data showed that nine lists
provide homogenous results for normal and hearing-impaired
listeners. The performance by normal-hearing listeners was 2.8-
4.3 dB SNR and 10-14.3 dB SNR by hearing-impaired listeners.
Individual performance for lists 4, 5, 13, and 16 showed high-
performance variability for the hearing impaired but not for normal
hearing listeners. Consequently, listeners with hearing loss require
a more favorable SNR to obtain equal performance. In response
to McArdle and Wilson (2006) and Killion et al. (2006), argued
that including the non-homogenous lists should not influence the
results. For our study, we did not distinguish between homogenous
and non-homogenous lists during the testing.

Whether a subjective description of the patient’s hearing
abilities is sufficient for the hearing aid fitting or if the assessment of
the patient’s hearing is essential remains to be discussed. Important
remains the fine-tuning, where the patients adjust the amplification
parameters of the hearing aids for user satisfaction (Dillion et al.,
2006).

In summary, it is important to emphasize that the results
and conclusion obtained in this study strictly relate to the
specific self-fitting process using the Gaussian Process. This
method was implemented in the Sontro~ Hearing Aids. Since
many other potential methods for fitting hearing aids exist,
the proposed method should not be extended to a general
class called self-fitting or OTC hearing aids. Future field
studies are required to compare the efficacy of the self-
fitting methods.
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