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SUMMARY

Given the low prevalence of hearing aid use among individuals with hearing loss
due to their high costs and social stigma, personal sound amplification products
(PSAPs) may serve as alternatives with adequate hearing compensation and
greater accessibility. This study examined the electroacoustic features of hearing
aids and selected smartphone-bundled earphones, specifically AirPods, as PSAPs,
and compared hearing performances among adults with mild-to-moderate hear-
ing loss when aided with each hearing assistive device. Our results indicated that
AirPods Pro met four out of five PSAP standards. No significant differences were
found regarding speech perception between AirPods Pro and hearing aids in
quiet but not with the presence of background noises. AirPods Pro may have
the potential to be a hearing assistive device for adults with mild-to-moderate
hearing loss. More research is needed to investigate the safety and feasibility
of using earphones bundled with other smartphones as PSAPs.

INTRODUCTION

Hearing loss is the third most common chronic health condition in the United States' and the fourth highest
cause of years lived with a disability at a global level.? It has been linked to emotional distress,” social isola-
tion,” and loneliness,” which may further contribute to the association between hearing loss and negative
physical,” cognitive,® and psychological health outcomes.” Unaddressed hearing loss functionally limits
effective communication and can result in a reduced quality of life,® as well as risky patterns of healthcare
utilization that lead to increased healthcare expenses.” Moreover, since hearing loss has been identified as
a potentially modifiable risk factor for dementia during midlife with the highest population attributable
fraction, ' improving early intervention among people with impaired hearing needs to be underscored.

The prevalence of hearing loss is expected to increase as adults live longer, such that the prevalence of
hearing loss in the United States is expected to double by 2060."" This public health concern is particularly
problematic because nearly 75% of people with hearing loss do not obtain hearing aids.'” Hearing aids are
regulated medical devices that are typically distributed by licensed professionals in most countries.’” The
major impediment to accessing hearing aids is their high cost (ranging from US$3000 to US$6000 a pair)
and limited insurance coverage.'” The complicated and time-consuming acquisition process, which re-
quires multiple otolaryngologist and audiologist visits, also creates a barrier to adequate hearing health-
care."” Furthermore, the long-existing social stigma associated with hearing loss and hearing aids may also
contribute to the low rate of obtaining hearing aids."”

Personal sound amplification products (PSAPs) are wearable electronic devices intended for individuals with
normal hearing; these devices are much less expensive over-the-counter products that can be fitted by the users
themselves. Although not labeled a regulated medical device that can “treat” hearing loss, evidence shows that
PSAPs not only meet the objective electroacoustic criteria when compensating for hearing loss'® but also pro-
vide comparable benefits in terms of listening effort and speech-in-noise perception among patients with mild-
to-moderate hearing loss.'”"'® A recent meta-analysis has confirmed that PSAPs may be equally beneficial as the
traditional hearing aids.'” The large size of the consumer population and increasing popularity of PSAPs*® may
also support the efficacy of these consumer products as a more affordable and accessible option when address-
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Table 1. The electroacoustic characteristics of AirPods 2 and AirPods Pro

Parameter

ANSI/CTA-2051
standards

AirPods 2- Right

AirPods 2- Left

AirPods Pro- Right

AirPods Pro- Left

Frequency response

smoothness

Frequency response
bandwidth

Max OSPL90
THD
EIN

No sharp peak shown
250-5000 Hz
<120 dB SPL

<5%
<32 dB SPL

“Sharp peak shown
200-7100 Hz
“122 dB SPL

0%
°50 dB SPL

“Sharp peak shown
200-7100 Hz
“123 dB SPL

0%
“51 dB SPL

No sharp peak shown
200-5000 Hz
110 dB SPL

0%
“37 dB SPL

No sharp peak shown
200-5000 Hz
110 dB SPL

0%
“37 dB SPL

Note: Max OSPL90 = maximum output sound pressure level at 90 dB sound pressure level input; THD = total harmonic distortion; EIN = equivalent internal noise.
®Indicates the characteristics that does not meet the ANSI/CTA-2051 criteria.

electroacoustic features, and the quality of PSAPs has been shown to vary; thus the results from previous studies
may not be generalizable.'®! Therefore, further investigations on the feasibility of using specific PSAPs that have
higher popularity are needed.

The percentage of smartphone ownership has been increasing over time regardless of the age group.””
Approximately 50% of the Taiwanese population and 58% of the U.S. population are users of Apple mobile
phone proclucts,73 including wireless Bluetooth earbuds (i.e., AirPods). First introduced in 2016, the Apple
Company implemented the “Live Listen"” feature that receives the environmental sounds and transmits the
amplified sound through the bundled earphone AirPods, and it was claimed that this feature may resemble,
by definition, the functionality of PSAPs.”* Despite the high market share of AirPods, its possible role as a
PSAP for aiding individuals with hearing loss has yet to be evaluated. The aim of this study was to assess the
electroacoustic properties of AirPods and compare their performance among patients with mild-to-mod-
erate hearing impairment when compensating for hearing loss to that of basic and advanced hearing aids.

RESULTS
Electroacoustic analysis

The electroacoustic test results for the hearing aids showed that the OTICON Opn 1 premium hearing aid
and the Bernafon MD 1 basic hearing aid both complied with the ANSI $3.22-2003 standards.

Table 1 demonstrates the ANSI/CTA-2051 comparisons of the AirPods 2 and AirPods Pro regarding the
PSAP electroacoustic features. The AirPods 2 met two out of five ANSI/CTA-2051 standards for a PSAP,
namely, the frequency response bandwidth and total harmonic distortion. The frequency response curve
of the AirPods 2 exhibited a sharp peak at 5000-8000 Hz, which failed to satisfy the smoothness criterion
of ANSI/CTA-2051. The Max OSPL 90 values of the left and right AirPods 2 were 123 dB SPL and 122 dB
SPL, respectively, and both were 2-3 dB SPL higher than the standard. The AirPods 2 did not fit the equiv-
alent internal noise (EIN) norm either.

The AirPods Pro passed four out of five standards per the ANSI/CTA-2051 criteria for PSAPs. The exception
was the EIN of the AirPods Pro, which exceeded the standard value (<32 dB SPL) by 5 dB SPL.

Sample characteristics

Table 2 summarizes the characteristics of the study sample. Twenty-one adults (9 males and 12 females)
with a mean age of 42.9 years were included in this study. The means of air conduction pure-tone average
were similar between the two ears (right: mean, 42.7 dB HL, left: mean, 43.5 dB HL), and none of the par-
ticipants had prior experience with hearing aids.

MHINT

Table 3 summarizes the means of the unaided and aided Mandarin hearing in noise test (MHINT)
performances. Participants’ speech reception thresholds (SRT) and signal-to-noise ratio (SNR) were
the best when aided with the premium hearing aid (quiet: SRT = 30.2 + 8.9 dBA); noise front:
SNR = —1.5 + 2.0 dB; noise left: SNR = —13.8 + 1.7 dB). When aided with the AirPods Pro, the SRT in quiet
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Table 2. Demographics and auditory characteristics of the study sample

Variables N =21
Age (years, mean + SD) 429 + 17.0
Sex (n, %)
Male 9 (42.9%)
Female 12 (57.1%)
Pure-tone average (dB HL, mean + SD)
Right ear 42,7 £ 7.32
Left ear 435 + 8.71
Previous experience with hearing aid (n, %) 0 (0%)

Note: Data are represented as mean + SD.

(SRT = 32.2 £+ 9.2 dBA) and the SNR with the background noise from the left side (SNR = —13.1 + 3.2 dB)
were similar to the results aided with the premium hearing aid, but when the noises came from the front
(i.e., the noises were from the same direction as the target speech), no improvement regarding SNR was
found when the AirPods Pro were used as the assistive device (SNR = 0.6 + 3.3 dB). Table 4 compares
the MHINT results when aided with the selected hearing devices to the unaided circumstances. Without
the presence of background noises, the SRT aided with premium hearing aid (coefficient = —9.1 dBA,
95% Cl = —15.1 to —3.1 dBA), basic hearing aid (coefficient = —7.1 dBA, 95% Cl = —12.6 to —1.7 dBA),
and AirPods Pro (coefficient = —7.3 dBA, 95% Cl = —12.8 to —2.0 dBA) was all significantly better than un-
aided. In noisy environment, however, regardless of the direction of the noises, the MHINT performances
were significantly better when aided with the premium hearing aid than unaided (noise front:
coefficient = —1.9 dB SNR, 95% Cl = —3.8 to —0.04 dB SNR; noise left: coefficient = —2.4 dB SNR, 95%
Cl = —4.8 to —0.1 dB SNR), while no differences were found when aided with either the basic hearing
aid (noise front: coefficient = 0.1 dB SNR, 95% Cl = —1.7 to 2.0 dB SNR; noise left: coefficient = —1.0 dB
SNR, 95% Cl = —3.3 to 1.4 dB SNR) or the AirPods Pro (noise front: coefficient = 1.1 dB SNR, 95%
Cl = —0.8 to 3.0 dB SNR; noise left: coefficient = —1.8 dB SNR, 95% Cl = —4.1 to 0.6 dB SNR).

Table 5 demonstrates the comparison of MHINT performances when aided with each amplification device.
In quiet, the SRT aided with the premium hearing aid was 9.2 dBA lower than that with the AirPods 2 (95%
confidence interval [CI] = —15.1 to —3.2 dBA) but not significantly lower than the outcome aided with the
AirPods Pro (coefficient = —1.9 dBA, 95% Cl = —7.4 to 3.6 dBA). When the noises were from the front side
(i.e., the target speech and noises were from the same direction), the SNR aided with the premium hearing
aid was 3.6 dB SNR lower than the performances aided with the AirPods 2 (95% Cl = —5.6 to —1.6 dB SNR)
and 2.1 dB SNR lower than that with the AirPods Pro (95% Cl = —3.8 to —0.5 dB SNR), respectively. However,
when the noises were from the left side of the participants, the SNR aided with the premium hearing aid was
not significantly lower than that aided with the AirPods Pro (coefficient = —0.7 dB SNR, 95% Cl = —=3.0to 1.7
dB SNR). Regardless of the presence of background noises, the SRTs and SNRs aided with the basic hearing
aid were not significantly lower than those aided with the AirPods Pro (quiet: coefficient = 0.57 dBA, 95%
Cl = —=5.9 to 7.0 dB; noise front: coefficient = —0.9 dB SNR, 95% Cl = —2.9 to 1.0 dB SNR; noise left: coef-
ficient = 0.8 dB SNR, 95% Cl = —1.6 to 3.2 dB SNR).

DISCUSSION

To our knowledge, this study is the first to use smartphone-bundled earphones as the tested PSAPs to
compare hearing performance among patients with symmetrical mild-to-moderate hearing loss. We found
that AirPods Pro met most of the electroacoustic criteria and may be considered a competent PSAP,
whereas AirPods 2 only met two out of five criteria. We also found that the hearing performance aided
with the AirPods Pro was not inferior when compared to conventional hearing aids. In contrast, the
outcome aided with AirPods 2 was poorer than hearing aids. The results suggest that for the population
with mild-to-moderate hearing impairment, selected products (i.e., AirPods Pro in this study) may have
the potential to serve as an adequate hearing assistive device.

Our results have demonstrated that even though patients with mild-to-moderate sensorineural hearing loss
(SNHL) had the best speech perception performances with the premium hearing aid, there was no significant
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Table 3. Summary of MHINT results

Quiet (dB A, Noise Front® (dB Noise Left® (dB

Cost, US $° mean + SD) SNR, mean + SD) SNR, mean + SD)
Unaided 39.5 £ 9.0 -0.1+£1.9 —11.3 £ 34
Premium HA 10,000.0 30.2 + 8.9 -1.5+ 20 -138 £ 1.7
Basic HA 1,500.0 324 £7.2 -03 £ 2.1 -123 £ 3.2
AirPods Pro 249.0 322 +92 0.6 £33 -13.1+£ 3.2
AirPods 2 129.0 394 £93 21+ 21 -11.3+42
P <0.05 <0.05 <0.05

Note: Data are represented as mean + SD. HA, hearing aid; dBA, A-weighted decibels; SNR, signal-to-noise ratio; SD, stan-
dard deviation.

“The prices of the hearing aids were based on the Taiwanese market price; the costs of the AirPods were the official prices
from the company website (https://www.apple.com/airpods/).

PNoise and the targeting speech were both from the front direction of each participant.

“Noise and the targeting speech were from different direction (noises were from the left side of each participant).

difference in SRT in a quiet environment when aided with the AirPods Pro. This suggests that AirPods Pro are not
inferior and are able to effectively improve an individual’s hearing, thus serving as an appropriate listening as-
sistive device. In the presence of background noise, the statistics reflected the value of the premium hearing
aid as an optimal hearing assistive device compared to the basic hearing aid and the PSAPs, as there were sig-
nificant differences in the SNR levels. However, when the noises were introduced from the lateral side of the
examinee, the estimates showed no differences regarding the speech-in-noise understanding abilities between
the conventional hearing aids and the AirPods Pro. Overall, our investigation indicated that, regardless of the
type of amplification device, aided speech perception performance was better than unaided speech perception
performance among the population with mild-to-moderate hearing impairment.

Although not categorized as a “medical device” or designed for treating hearing-impaired populations
based on the guidance drafted by the U.S. Food and Drug Administration,”” PSAPs have been established
as having a role in compensating for hearing loss ever since their release given their remarkably low cost
and high accessibility compared to conventional hearing aids. Previous studies have shown that selected
PSAPs have comparable electroacoustic output to that of traditional hearing aids and are able to provide

Table 4. Comparison of effect size regarding MHINT results: aided versus unaided

Condition Coefficient SE 95% Cl P
Quiet (dB A)
Premium HA vs Unaided —9.1 3.0 —15.1to —-3.1 <0.05
Basic HA vs Unaided -7.1 2.6 —12.6to —1.7 <0.05
AirPods Pro vs Unaided -7.3 2.7 —12.8t0 —-2.0 <0.05
AirPods 2 vs Unaided -0.1 3.0 —6.0t0 5.8 0.97
Noise front® (dB SNR)
Premium HA vs Unaided -1.9 0.9 —3.8to —0.04 <0.05
Basic HA vs Unaided 0.1 0.9 —1.7t0 2.0 0.87
AirPods Pro vs Unaided 1.1 0.9 —0.8t0 3.0 0.25
AirPods 2 vs Unaided 2.3 1.0 0.3t0 4.4 <0.05
Noise left> (dB SNR)
Premium HA vs Unaided -24 1.2 —4.8to —0.1 <0.05
Basic HA vs Unaided -1.0 1.2 —33to 1.4 0.40
AirPods Pro vs Unaided -1.8 1.2 —-4.1t00.6 0.14
AirPods 2 vs Unaided 0.02 1.2 —23t024 0.98

Note: HA, hearing aid; Cl, confidence interval; dBA, A-weighted decibels; SNR, signal-to-noise ratio.
°Noise and the targeting speech were both from the front direction of each participant.
PNoise and the targeting speech were from different direction (noises were from the left side of each participant).
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Table 5. Comparison of effect size regarding MHINT results when aided with different hearing assistive devices

Condition Coefficient SE 95% ClI p
Quiet (dB A)
Premium HA vs Basic HA —-2.1 2.8 —7.6t0 3.4 0.45
Premium HA vs AirPods Pro -1.9 2.8 —7.410 3.6 0.49
Premium HA vs AirPods 2 —-9.2 3.0 —15.1t0 -3.2 <0.05
Basic HA vs AirPods Pro 0.2 2.8 —531t0 5.7 0.94
Basic HA vs AirPods 2 —7.0 3.0 —13.0to —1.1 <0.05

Noise front® (dB SNR)

Premium HA vs Basic HA -1.2 0.8 —2.91t0 0.4 0.15
Premium HA vs AirPods Pro -2.1 0.8 —3.8to —0.5 <0.05
Premium HA vs AirPods 2 -3.6 1.0 —5.6t0 —1.6 <0.05
Basic HA vs AirPods Pro -0.9 0.8 —2.61t0 0.7 0.27
Basic HA vs AirPods 2 2.4 1.0 —4.41t0 -0.3 <0.05

Noise left® (dB SNR)

Premium HA vs Basic HA -1.5 1.2 —3.81t0 0.9 0.22
Premium HA vs AirPods Pro -0.7 1.2 —-3.0to 1.7 0.58
Premium HA vs AirPods 2 -2.5 1.2 —4.8 to —0.1 <0.05
Basic HA vs AirPods Pro 0.8 1.2 —1.6t03.2 0.50
Basic HA vs AirPods 2 -1.0 1.2 —3.41t0 1.3 0.4

Note: HA, hearing aid; Cl, confidence interval; dBA, A-weighted decibels; SNR, signal-to-noise ratio.
°Noise and the targeting speech were both from the front direction of each participant.
PNoise and the targeting speech were from different direction (noises were from the left side of each participant).

appropriate amplification for people with mild-to-moderate hearing impairment.'® Based on the results of
our electroacoustic analysis, although the AirPods Pro was found to have an EIN that exceeded the stan-
dard regulated by the ANSI/CTA-2051, which may affect speech perception among users, this device
met all the other criteria, suggesting that AirPods Pro should be considered to be an adequate PSAP.
AirPods 2, however, did not fulfill three out of five parameters, and thus the listening experience would
be more significantly impacted when using this device as a PSAP.

Prior investigations also compared hearing performances with PSAPs to conventional hearing aids, and all
these studies led to a similar conclusion that PSAPs improve functional hearing outcomes and the selected
items may be equally effective as hearing aids.'’~'"? Furthermore, previous research also shed light on the
affordability issue—in the US, the average out-of-pocket cost of a single hearing aid is more than $2000.7
In the study conducted by Reed et al., the hearing aid with the US Food and Drug Administration approval
costs $1910.0/pair, whereas the prices of the selected PSAPs were all below $500.0.'® Our results not only
aligned with these studies but also add to the literature by providing comprehensive electroacoustic eval-
uations of the specific PSAPs examined. To our knowledge, this study is the first to use AirPods as the tested
PSAPs. In addition to the known pros of PSAPs, including an affordable cost, widespread availability result-
ing from their over-the-counter nature, and self-fitting that exempts consumers from multiple burdensome
office visits,”’ the design of AirPods does not mimic the traditional hearing aid, as most PSAPs do, but is
even considered trendy. One major reason for the low fitting rate of hearing aids is social stigma; ° the
use of AirPods may eliminate such concerns and enhance the willingness of individuals to wear hearing as-
sistive devices. Furthermore, as there is only a single manufacturer that produces AirPods and their
bundled iOS system, it may be more manageable to implement adequate quality control and calibration
compared to the more heterogeneous Android system.

Another interesting finding in this study was that the aided speech-in-noise perception varied based on the
direction of the noise source. Greater speech understanding was found with premium hearing aids when
both the target sentences and background noises were from the same position, whereas no significant dif-
ferences were identified between the hearing aids and the PSAPs when the noises were from the side.
Studies have demonstrated that speech perception is more challenging when speech and noise are
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colocalized,”” which may explain the results of our research and highlight the limitation of PSAPs when as-
sisting communication in noisy environments since limited speech-in-noise understanding is the major hur-
dle among patients with SNHL, especially presbycusis.”

Despite the seemingly promising results indicated in this study that certain PSAPs may have the potential to
provide similar hearing compensation for people with mild-to-moderate hearing loss, several concerns
need to be addressed. Since one of the major selling points of PSAPs is the convenience rooted in their
self-fitting nature, the fitting process is not overseen by professionals, and an adequate volume is not
well established. Because PSAPs are not devices listed in the Federal Food, Drug, and Cosmetic Act, strin-
gent quality management or product standards have not been needed. This may have led to considerable
heterogeneity across the current PSAP market. All these are potential issues suggesting that the products
may not only fail to appropriately assist a consumer’s verbal communication but also impact their health
and already impaired hearing. Furthermore, although there is no long-existing social stigma like hearing
aids, given the trendy looks and universality of PSAP or smartphone-bundled earphones, the communi-
cating partner may consider wearing such products during a conversation being inappropriate if they do
not understand the actual purpose of using these devices is compensating hearing.

In conclusion, our study demonstrated that smartphone-bundled AirPods Pro met most of the criteria of
the ANSI/CTA-2051 for PSAPs and may provide similar improvements in terms of speech understanding
among patients with mild-to-moderate hearing loss as conventional hearing aids. With sufficient quality
management under certified standards, PSAPs may serve as a highly feasible and more affordable option
when compensating for hearing impairment and thus could potentially bridge the gap between persons
with hearing difficulties and their first step to seeking hearing assistance.

Limitations of this study

This study is limited by a relatively small sample size, yet the statistical power was satisfactory. People with
severe SNHL and other types of hearing impairment were excluded from the study population, which may
have resulted in decreased generalizability. Residual confounding effects regarding speech perception
and the different devices may be present because information related to MHINT performance in relation
to the subjects, such as education and cognitive capacity, was not collected. Since the cognitive process is
a crucial factor affecting speech understanding, the MHINT scores in this study may not fully represent the
participants’ function given the lack of the cognitive measures. Because this was a single-blind study, there
may be potential observer bias. The whole experiment was conducted in a laboratory setting with a single
sound source, and the outcomes thus may not completely reflect real-world conditions. In addition, as the
first fit setting was used instead of real-ear measurement, the output sound volumes of the two setting pro-
grams may result in different reception thresholds. Furthermore, since the only PSAPs studied in this inves-
tigation were created by the same manufacturer, the results may not be applicable to other products.
Future studies focusing on the efficacy and safety issues of regular PSAP usage on long-term health out-
comes and quality of life measures among patients with mild-to-moderate hearing loss are clearly needed.
In addition, a cost-effectiveness analysis compared to over-the-counter hearing aids should be considered
as this may clearly establish the role of PSAPs within the hearing loss population.
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Materials availability

This study did not generate new unique reagents or materials.

Data and code availability
o All data produced in this study are included in the published article and its supplementary information, or
are available from the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

This was a cross-sectional self-controlled study conducted at Taipei Veterans General Hospital, a
tertiary medical center in Taiwan. The persons who provided written informed consents to participate
in the study were recruited from the otolaryngology clinic where basic demographics, including
age and sex, and information regarding prior experiences with hearing aids, were initially collected.
The inclusion criteria were as follows: age >20 vyears, bilateral symmetric mild-to-moderate sen-
sorineural hearing loss (SNHL) based on pure tone audiometry results, and adequate psychosocial
capacity to understand and perform the tasks required during this investigation. The definitions of
mild and moderate hearing loss were based on the World Health Organization classification with a
pure tone average of 26-40 decibel hearing level (dB HL) as mild and 41-55 dB HL as moderate hear-
ing loss. Persons with cognitive impairment or asymmetric, conductive, or mixed-type hearing loss
were excluded. Twenty-one participants with no hearing aids experience were recruited (see below
figure). The participants were blinded in this study while the investigators were not. This study was
approved by the institutional review board of Taipei Veterans General Hospital (IRB number: 2020-
11-003BC).
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SNHL = sensorineural hearing loss; MHINT = Mandarin version hearing-in-noise test

Figure 1. Flowchart of the experimental procedures conducted in this study

METHOD DETAILS

Amplification devices examined

The smartphone-bundled earphones examined in this study were AirPods 2 and AirPods Pro (both from
Apple Inc., Cupertino, California, USA). iPhone XS Max smartphones with iOS version 13.0 (Apple Inc., Cu-
pertino, California, USA) were paired-up with the AirPods. Two behind-the-ear (BTE) conventional hearing
aids were also investigated and served as the control intervention; these were a premium hearing aid
(OTICON Opn 1; Oticon Ltd., Smarum, Denmark) and a basic hearing aid (Bernafon MD1; Bernafon Ltd.,
Bern, Switzerland). The premium hearing aid had 16 channels for fine-tuning, while the basic hearing aid
had six channels. Fitting of these two devices was performed by a certified audiologist using the NAL-
NL 2 formula.

Electroacoustic analysis

Electroacoustic assessments on all four devices (premium hearing aid, basic hearing aid, AirPods 2, and
AirPods Pro) were performed using an HA-1 2-cc coupler. The hearing aids were first adjusted to the
full-on gain, then to reference test gain settings respectively, by related hearing aid adjustment software.
Connect the hearing aid with HA-1 2 c.c coupler and place them into the test box (Interacoustics Affinity
Compact 2.0). The coupler is a cavity of specified shape and volume used for the calibration of earphones
in conjunction with a calibrated microphone adapted to measure the sound pressure developed in the
cavity.

The electroacoustic parameters were measured automatically by the test box. Items in full-on gain setting
measured include:
(a) full-on gain test gain curve;

(b) maximum output sound pressure level at 90 dB (Max OSPL 90; the maximum output of the device
with 90 dB SPL input) and maximum output sound pressure level at 90 dB SPL frequency (Max OSPL
frequency; the frequency of the peak output produced by the device).

Items in reference gain setting measured include:

(a) reference test gain curve;

(b) Total harmonic distortion (THD; the introduction of undesired sounds into the signal) at 500, 800,
and 1600 Hz;
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(c) equivalent internal noise (EIN; the noise produced by the device during amplification).

The AirPods first paired-up with the iPhone, then adjust to the maximum volume for electroacoustic anal-
ysis. Press the start button after place the AirPods and iPhone with HA-1 2 c.c. coupler into the Audioscan
Verifit 2.0 test box. The ANSI/CTA-2051 parameters include: frequency response smoothness, frequency
response bandwidth, Max OSPL 90, THD at 500 Hz, and EIN.

The electroacoustic results of hearing aid will be compared by the technical sheet of that hearing aid
manufacturer, while that of AirPods will be compared by the American National Standards Institute/
Consumer Technology Association-2051 Standard for Personal Sound Amplification Product (ANSI/
CTA-2051).

Hearing in noise test, Mandarin version (MHINT)

The Hearing in Noise Test (HINT) was first introduced by Nilsson et al. to measure speech perception in
quiet or noisy environments.”' To implement the speech-in-noise test among the Mandarin-speaking pop-
ulation, the Mandarin version of the HINT (MHINT) was developed by Wong et al.** with a reliability that is
comparable to the English version. The tests were conducted by licensed personnel. Under quiet surround-
ings, twenty randomly selected MHINT sentences were presented from the front (O degrees) of the partic-
ipants. Each person was asked to verbally repeat what they heard; it was determined to be a correct
response if the participant flawlessly repeated all the target words within the sentence. The initial speech
volume was 20 dBA (A-weighted decibels), with a 4-dB decrease for a correct response and a 4-dB increase
for an incorrect response for the first four sentences. For sentence numbers 5 to 20, a 2-dB step was used.
For the speech-in-noise examination, the speech was presented from the front as well, but with 65 dBA
noises introduced from the front and then from the subject’s left side. The subsequent test procedures
were the same as under the quiet conditions. The speech reception threshold (SRT) and the signal-to-noise
ratio (SNR) were calculated as speech perception measures. A lower SRT and SNR indicated better speech
perception abilities.

QUANTIFICATION AND STATISTICAL ANALYSIS

The SRT and SNR derived from the MHINT were modelled as continuous variables. Descriptive analyses
were performed to investigate the speech perception with or without the four examined amplification de-
vices. Simple linear regression was conducted to compare the participants’ speech understanding ability
with the four devices; given the self-controlled design, each participant served as their own control and
thus accounted for various potential confounders. Significance testing for all analyses was 2-sided with a
type | error of 0.05. The statistical software used was Stata 16 (StataCorp, College Station, TX).
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