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The World Health Organization reported in 2020 that approxi-
mately 5% of the world’s population has hearing loss, and stated
that one in 10 individuals are expected to be affected by hearing
loss due to rapid population aging [1]. Although hearing aids (HAs)
are the gold standard for hearing loss management, the uptake
rate of HAs remains relatively low [2].

The United States Food and Drug Administration defines HAs
as medical devices that amplify sounds to compensate for hear-
ing loss. Personal sound amplification products (PSAPs), in con-
trast, are defined as sound-amplifying devices for those without
hearing loss. From traditional HAs to consumer electronic de-
vices, the broad spectrum of “hearables” also includes wearable
augmented reality devices (WARDs). WARDs are a combination
of smartphone applications and earbuds, providing a personal-
ized listening experience [3]. For instance, the Samsung Galaxy
Buds Pro has its own smartphone application called Galaxy
Wearable. Users can take advantage of a feature called ambient
sound. Similar to how PSAPs are used, individuals can manage
the level of sound in their surroundings using WARDs.

Although various types of hearables are emerging in the mar-
ket, research into the effectiveness of these devices, including
WARDs, in the real world has been sparse. The purpose of this
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study was to explore the effectiveness of a HA, a PSAP, and a
WARD with the following four specific aims: (1) to verify the
device specifications through electroacoustic testing; (2) to eval-
uate amplification through simulated real-ear measurements
(REMs); (3) to compare unaided and aided performance based
on the type of the device; and (4) to evaluate the effectiveness
of the WARD in the real world through a field trial.

ReSound LiNX Quattro (a HA; GN Hearing, Ballerup, Den-
mark), Etymotic Bean (a PSAP; Etymotic Research Inc., Elk
Grove Village, IL, USA), and Samsung Galaxy Buds Pro (aWARD,;
Samsung Electronics Co., Ltd., Suwon, Korea) were used in the
study (Supplementary Table 1). Electroacoustic analysis was per-
formed based on ANSI S3.22 (2009) and the previous literature
[4-7]. The output sound pressure level (OSPL 90), frequency
range, equivalence input noise (EIN), and total harmonic distor-
tion (THD) were tested using the Aurical Hearing Instrument
Test box (Natus Medical, Pleasanton, CA, USA) with a HA-2
2cc coupler. Simulated REMs were conducted using a 2cc cou-
pler to evaluate whether the devices provided an appropriate
amount of amplification. The target gain calculated by a fitting
formula for two virtual audiograms (mild-to-moderate high-fre-
quency and moderate flat hearing loss) and real-ear insertion
gain (REIG) calculated through REMs were compared. The
PSAP had normal and high modes available and was set to the
high mode. The WARD had four levels, of which only level 4
provided amplification; therefore, it was set to level 4. The
amount of amplification was considered adequate if the differ-
ence between the target gain and REIG was within 10 dB at five
or more of seven frequencies (250, 500, 1,000, 2,000, 3,000,
4,000, and 6,000 Hz) [4,6]. Unaided and aided thresholds, word
recognition scores in the sound-field (sound-field WRS), and the
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Korean version of the Hearing in Noise Test (K-HINT) [8] were
also performed.

Eighteen individuals with mild and moderate hearing loss
were enrolled in the study. The median age of the participants
was 63.0 years (interquartile range [IQR], 59.75-67.25 years).
Eleven men (61.10%) and seven women (38.90%) participated
in the study. The degree of hearing loss was determined based
on four frequency averages [(500+1,000+2,000+4,000)/4 Hz].
The median pure-tone average was 45.00 dB HL (IQR, 39.38-
48.75 dB HL) in the right ear and 45.63 dB HL (IQR, 40.00-
47.82 dB) in the left ear. Demographic data for each participant
are shown in Supplementary Table 2. The experiment was car-
ried out on the day that each participant visited our laboratory,
and each participant completed all testing wearing the devices.
All 18 participants wore the three devices in both ears in serial
order, and the order of wearing devices was random. This study
was approved by the Institutional Review Board of Samsung
Medical Center in Seoul, South Korea (IRB No. 2020-05-052) in
accordance with the Declaration of Helsinki. Informed consent
was obtained from all participants.

The Friedman test was used to compare the four conditions
(unaided, HA, PSAP, and WARD) for the clinical outcomes. The
Wilcoxon signed-rank test was utilized for a post-hoc analysis.
The Bonferroni correction method with a significance level of
0.0125 (0.05 divided by 4) was applied to determine statistical
significance. Internal consistency reliability was assessed using
the Cronbach’s alpha coefficient. All statistical analyses were
completed using IBM SPSS ver. 25 (IBM Corp., Armonk, NY,
USA).

Table 1. Comparison of unaided and aided thresholds

The electroacoustic characteristics of all three devices satisfied
the tolerances for OSPL 90 (<120 dB SPL), frequency range
(250-6,000 Hz), EIN (<28 dB SPL), and THD (<3 %). For both
virtual audiograms, all three devices had difference between the
target gain and REIG within 10 dB at five or more of seven fre-
quencies, corresponding to an appropriate amount of amplifica-
tion. Comparing the unaided and aided thresholds, statistical
significance was observed for frequencies at 1,000, 2,000, 4,000,
and 6,000 Hz for HA and PSAP (P<0.001). Statistical signifi-
cance was observed at 1,000 Hz (P<0.001), 2,000 Hz (P=0.001),
and 6,000 Hz (P=0.008) for WARD (Table 1). In terms of the
sound-field WRS, statistically significant improvements in per-
formance were observed for the HA (median, 92%), PSAP (me-
dian, 88%), and WARD (median, 82 %) compared to the unaided
condition (median, 68%) (P<0.001). No statistical significance
was observed for differences in the K-HINT between the unaid-
ed and aided conditions for the three devices; however, the PSAP
(median, —0.6 dB SNR) and WARD (median, -0.7 dB SNR) tend-
ed to have a better SNR threshold than was observed in the un-
aided condition (median, —0.1 dB SNR) (Table 2). It is difficult
to identify what led the PSAP and WARD to have a better SNR
threshold, and inconsistent findings have been reported regard-
ing whether there is a difference in SNR thresholds before and
after wearing over-the-counter devices. Further studies are nec-
essary to clarify this issue.

The assessment of internal consistency reliability revealed a
Cronbach’s alpha coefficient of 0.678, indicating that the ques-
tionnaire was consistent and reliable. A frequency analysis of the
5-point Likert scale revealed that 57.9% of the participants re-

Hz Unaided LiNX Quattro Bean Galaxy Buds Pro P-value Unaided vs. Unaidedvs. Unaided vs.
(HA) (PSAP) (WARD) HA PSAP WARD
250 30 (20-40) 30 (20-36.25) 30 (20-40) 25 (20-31.25) 0.001* 0.190 0.190 0.015
500 35 (30-45) 30 (30-40) 35 (30-43.75) 30 (25-40) 0.001** 0.024 0.869 0.590
1,000 45 (40-50) 30 (30-35) 35 (28.75-45) 35 (30-40) <0.001*** <0.001 0.001 <0.001
2,000 50 (45-61.25) 37 5 (35-41.25) 37.5 (30-50) 45 (38.75-50) <0.001* <0.001 0.001 0.001
4,000 52 5 (45-60) 35 (30-40) 40 (28.75-46.25) 50 (40-57.5) <0.001*** <0.001 <0.001 0.039
6,000 55 (50-65) 35(33.75-41.25) 42.5(33.75-55) 55 (43.75-60) <0.001* <0.001 <0.001 0.008

Values are presented as median (interquartile range).

HA, hearing aid; PSAP, personal sound amplification product; WARD, wearable augmented reality device.
**P<0.01, **P<0.001. The Bonferroni correction method with a significance level of 0.0125 (0.05/4) was applied to determine statistical significance.

Table 2. Speech measures

) ) : Galaxy Buds Pro Unaided Unaided Unaided
Variable Unaided LINX Quattro (HA) Bean (PSAP) (WARD) P-value vs.HA  vs. PSAP vs. WARD
Sound-field WRS (%) 68 (54-81) 92 (84-96) 88 (79-96) 82 (67-90) <0.001*** <0.001 <0.001 <0.001

K-HINT (dB SNR) ~0.1 (-0.95 0 1.23)

0.2(-0.951t01.65) —0.6(~1.45100.6)

07(-161001)  0.090

Values are presented as median (interquartile range).

HA, hearing aid; PSAP, personal sound amplification product; WARD, wearable augmented reality device; WRS, word recognition score; K-HINT, the Kore-

an version of the Hearing in Noise Test; SNR, signal-to-noise ratio.

***P<0.001. The Bonferroni correction method with a significance level of 0.0125 (0.05/4) was applied to determine statistical significance.



ported that the WARD was beneficial in a quiet situation, yet
only 26.3% thought that it was helpful in understanding con-
versations in a noisy environment.

Our study investigated the effectiveness of three devices (a
HA, a PSAP, and aWARD). To the best of our knowledge, this is
the first study to investigated and demonstrate a potential bene-
fit of WARD for those with hearing loss. This study demonstrat-
ed that along with HAs, PSAPs and WARDs have the potential
to be beneficial in a quiet environment for individuals with mild
and moderate hearing loss [9]. The results of this study could
help these individuals to select appropriate hearing devices, es-
pecially when more WARDs are emerging in the market with
technological and industrial advances; under such circumstanc-
es, it is extremely crucial to closely examine the quality of these
devices.
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