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Abstract

Objective. To evaluate the accuracy, test-retest reliability, and
time-efficiency of Apple's Hearing Test Feature (HTF)
compared to reference standard pure-tone audio-
metry (PTA).

Study Design. Cross-sectional validation study.

Setting. Single-center study at a university clinic. PTA was
performed in a sound-treated booth. HTF testing occurred
in a quiet room.

Methods. A sample of 25 adults (mean age 50.1 years [SD
14.2]; 68% female) with self-reported mild-to-moderate
hearing loss participated. Each contributed 16 thresholds,
yielding 400 comparisons. Participants underwent PTA by an
audiologist, followed by two independent HTF assessments
(start and end of session) using Apple AirPods Pro 2 paired
with an iPhone |3. Outcomes included threshold accuracy
versus PTA, test-retest reliability, and test duration.

Results. Across 400 comparisons, 86.5% of HTF thresholds
were within 10dB HL of PTA. Root mean square deviation
(RMSD) values ranged from 3.3 to 7.9 dB HL (left ear) and
5.8 to 9.7dB HL (right ear), meeting minimally acceptable
accuracy (£10dB HL). Test-retest was reliable, 84.1% of
thresholds within 5dB HL and 96.6% within 10dB HL.
Desired reliability (<6 dB HL) was met at all frequencies
except 250 Hz (left ear), which met minimum acceptable
level. HTF was significantly faster (median 5.5 minutes) than
PTA (10.0 minutes; P<.001).

Conclusion. Apple's HTF demonstrated clinically acceptable
accuracy and reliability, with improved time-efficiency
compared to PTA. Findings support its potential for
consumer-led hearing monitoring and OTC hearing aid self-
fitting. Further research should assess inter-device reliability
and integration with Apple's Hearing Aid Feature.
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earing loss affects more than 1.5 billion
people worldwide and nearly 1 in 4 US adults,
yet it often remains undiagnosed and
untreated.” Untreated hearing loss can contribute to
poorer communication outcomes, social isolation,
cognitive decline, and reduced quality of life.*® Timely
intervention, often involving hearing aids, help mitigate
these negative consequences.’"” The reference standard for
determining hearing thresholds and the foundation for
hearing aid fitting has always been pure-tone audiometry
(PTA), conducted by trained audiologists in sound-
treated environments.' However, access to conventional
hearing care is frequently limited by cost, geographic
barriers, and shortages of trained professionals.®'°
In response, there has been a growing shift toward the
development and validation of mobile and automated
hearing assessments that can be self-administered outside
of traditional clinical settings.!'"!> Smartphone-based
tests, such as the digits-in-noise (DIN) test, used by the
World Health Organization's (WHQ's) hearWHO appli-
cation (app), allow individuals to screen their hearing
independently using readily available devices.'® PTA-
based apps, such as the Mimi Hearing Test, have
demonstrated the ability to approximate air-conduction
thresholds when used with consumer headphones, and
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have previously been integrated into Apple's Health
app.”

A recent scoping review highlighted that mobile and
automated PTA tools can offer accuracy, reliability, and
time-efficiency comparable to conventional PTA.'®
Advances such as machine learning and probabilistic
modeling have further enhanced these tools, offering
versatility, innovative features, and cost-effectiveness
beyond traditional methods.'® Within known limits, these
technologies can support task-shifting, self-care, tele-
health, and clinical integration.'® As a result, hearing
assessments are increasingly being embedded into con-
sumer electronics, especially into over-the-counter (OTC)
hearing aids, helping to expand access to hearing
healthcare beyond conventional clinical environments.

A recent example is Apple's Hearing Test Feature
(HTF), an integrated, FDA-cleared, pure-tone hearing
test, available through i0S/iPadOS for use with AirPods
Pro 2." The HTF uses a Gaussian process classification
algorithm with Bayesian active learning, allowing it to
efficiently estimate hearing thresholds without relying on
fixed frequency-step testing.'” This approach builds on
probabilistic audiometry models, previously validated by
Barbour and colleagues.”® Upon completing the test,
users can initiate self-fitting of a FDA-approved OTC
hearing aid through Apple's Hearing Aid Feature (HAF).
This creates an end-to-end, self-managed OTC hearing
care solution integrated with consumer technologies for
those with perceived mild-to-moderate hearing loss."”

While some early validation data is available from
Apple' that was used for regulatory clearance, the
accuracy, test-retest reliability, and efficiency of Apple's
HTF have not yet been independently assessed. This
study therefore evaluated the accuracy, test-retest relia-
bility, and time-efficiency of Apple's HTF against the
reference standard PTA in a controlled simulated
home-use environment.

Method
Study Design

The study used a cross-sectional experimental design.
Ethical approval for this study was obtained from the
Faculty of Humanities at the University of Pretoria,
South Africa (Ref: HUMO032/1124).

Participants

Twenty-five participants were recruited through purpo-
sive sampling using digital advertisements on social media
platforms. Inclusion criteria required participants to be
18 years or older, self-report mild to moderate hearing
loss, have no history of chronic or recurrent outer or
middle ear pathology, and be current iPhone users. All
participants provided informed consent.

While a formal priori power analysis was not
conducted, consistent with the descriptive, validation-

focused design of the study, the sample size aligns with
precedent in prior mobile audiometry validation re-
search.”®?! Each participant contributed 16 threshold
comparisons (8 frequencies X 2 ears), resulting in 400 data
points. This volume of data enabled precise estimation of
accuracy and test-retest reliability.

To justify the adequacy of the sample size, we
calculated 95% confidence intervals (Cls) for key perfor-
mance metrics. The proportion of thresholds within 10 dB
HL was 86.5% (95% CI: 82.8%-89.5%). Mean Root Mean
Square Deviation (RMSD) values were 5.56 dB HL (95%
CI: 4.34-6.69) for the left ear and 7.22dB HL (95% CI:
6.22-8.35) for the right ear. Test-retest reliability showed
strong agreement, with mean Spearman correlation
coefficients of p=0.91 (95% CI: 0.58-0.98) for the left
ear and p=0.87 (95% CI: 0.44-0.98) for the right ear.
These indicators suggest that the sample size was
sufficient to produce stable, interpretable estimates for
method comparison, as evidenced by narrow confidence
intervals around key performance metrics and alignment
with accepted standards in prior validation studies.

Data Collection

Data were collected during a single scheduled session at
the Department of Speech-Language Pathology and
Audiology, University of Pretoria, South Africa. Each
participant underwent a comprehensive audiological
evaluation performed by a certified audiologist, including
otoscopic examination, tympanometry, and pure-tone air-
conduction testing. Audiometry duration was recorded.

Following reference standard audiometry, participants
were provided with Apple AirPods Pro 2 and an iPhone
13, along with printed Apple instructions on “How to
take a hearing test with your Apple AirPods Pro 2.” The
Apple HTF was completed independently in a quiet
room. No additional instruction or coaching was
provided by the researcher. The duration of the test was
recorded. After all outcome measures were completed,
each participant then completed a second HTF at the end
of the same session to assess test-retest reliability.

Efforts to reduce bias included standardized instruc-
tions, consistent equipment, and assessment of test-retest
reliability.

Material and Apparatus
Reference Standard PTA

Otoscopic examination was performed using a Welch
Allyn diagnostic otoscope and tympanometry was con-
ducted using a Maico Diagnostics touchTymp (Maico
Diagnostics GmbH). Pure-tone air-conduction thresholds
were obtained using a calibrated GSI Audiostar Pro
diagnostic  audiometer (Grason-Stadler Inc.) with
RadioEar DD65 v2 headphones (Demant A/S), conducted
in a double-walled soundproof booth. Calibration adhered
to International Organization for Standardization (ISO)
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389-1:2017 and American National Standards Institute
(ANSI) S3.6-2018 standards. Testing was administered by
a certified audiologist in accordance with ISO 8253-1:2010
guidelines. Thresholds were recorded at standard octave
frequencies from 250 to 8000 Hz, and test duration was
recorded using a digital stopwatch.

Apple HTF

The Apple HTF was conducted using Apple AirPods Pro
2 (2nd generation) paired with an iPhone 13 running iOS
18.1. The iPhone was configured with a US Apple ID to
access the feature, as it was not yet available in South
Africa. Participants followed printed Apple instructions
“How to take a hearing test with your Apple AirPods Pro
2.” The Apple HTF was accessed by navigating to:
Settings > AirPods > Hearing Health > Take a Hearing
Test. Self-testing was conducted in a quiet room, rather
than a soundproof booth, to simulate typical home
environments. Frequency-specific thresholds were auto-
matically generated by the device for both ears. These
thresholds can be used to activate Apple Hearing
Assistance Features, such as the HAF, which customizes
and amplifies sound through the AirPods Pro 2 for
individuals with mild-to-moderate hearing loss. However,
the HAF was not evaluated in this study. The duration of
the Apple HTF was recorded using a digital stopwatch.
Each participant completed the Apple HTF twice, once at
the beginning and once at the end of the session, to allow
assessment of test-retest reliability.

Outcome Measures
Accuracy of Apple HTF

Accuracy was assessed by comparing pure-tone air-
conduction thresholds obtained from reference standard
PTA to those obtained via the Apple HTF. Thresholds
were compared across frequencies to evaluate the agree-
ment between the 2 methods.

Test-Retest Reliability of Apple HTF

Test-retest reliability of the Apple HTF was assessed by
comparing thresholds obtained from 2 tests conducted at
the beginning and end of the same session. Threshold
differences across frequencies were analyzed to assess
consistency.

Time-Efficiency of Apple HTF

To assess time-efficiency, the duration of the Apple HTF
was compared to that of reference standard PTA.

Data Analysis

All statistical analyses were performed using IBM SPSS
Statistics (Version 30.0.0.0) and figures were created using
RStudio (Version 2023.06.2). Descriptive statistics
(means, standard deviations, and percentages) were used

to summarize test durations, hearing thresholds and
agreement ranges. Wilcoxon signed-rank tests were used
to compare test durations and threshold differences due
to data violating the assumption of normality. Spearman's
rank correlation coefficients were computed to assess the
linear relationship between thresholds across methods
(accuracy) and across sessions (test-retest reliability).
Root Mean Squared Deviation (RMSD) was calculated
as the square root of the average of the squared
differences between methods (reference standard PTA vs
Apple HTF) or sessions (Apple HTF Test 1 vs Test 2).
RMSD was used to quantify agreement, with <6 dB HL
considered desired accuracy/reliability and <10dB HL
considered minimally acceptable.’*>* Statistical signifi-
cance was set at P <.05. One participant did not complete
the Apple HTF due to unclassifiable results and was
excluded from analysis.

Results

Participant Characteristics

A total of 25 participants (68% female) were included in
the study, with a mean age of 50.1 years (14.2 SD). The
majority (88%) had no prior experience using hearing
aids. Mean PTA thresholds at 0.5, 1, 2, and 4kHz,
measured using reference standard PTA, were 19.7dB HL
(14.8 SD) for the right ear and 19.2dB HL (14.5 SD) for
the left ear.

Accuracy of Apple HTF

Mean thresholds obtained via reference standard audio-
metry and Apple HTF are shown in Table |
and Figure 1. Thresholds were similar between the 2
methods, with 60.7% of thresholds within 5 dB HL, 86.5%
within 10dB HL, and only 13.5% exceeding 10dB HL.
For the left ear, significant differences were observed at
250, 6000, and 8000 Hz, where the Apple HTF yielded
slightly better (lower) thresholds at 250 Hz and slightly
poorer (higher) thresholds at the higher frequencies. For
the right ear, significant differences were observed at 250,
1000, 6000, and 8000 Hz, following a similar pattern to
the left ear, although the additional difference at 1000 Hz
(where the Apple HTF produced slightly better thresh-
olds) was not observed in the left ear. Figure 2A shows
threshold differences across frequencies. Overall, the
median differences and distribution of hearing threshold
differences remained consistent across frequencies,
showing no substantial variability. Strong positive corre-
lations were observed between reference standard PTA
and Apple HTF thresholds (Figure 3). Spearman's rank
correlation coefficients (o) ranged from 0.72 to 0.98 across
test frequencies, indicating a strong relationship between
the two methods.

To further quantify accuracy, RMSD values were
calculated (Table I and Figure 4A). For the left ear,
RMSD ranged from 3.3dB HL (1000 Hz) to 7.9dB HL
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Figure |. Mean hearing thresholds measured via reference standard pure-tone audiometry and the Apple Hearing Test Feature at each

frequency (250-8000 Hz), displayed for (A) left ear and (B) right ear.
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Figure 2. Boxplots illustrating threshold differences across frequencies 250-8000 Hz (n = 48 ears, 24 participants). (A) Differences between
reference standard pure-tone audiometry and the Apple HTF. (B) Test-retest differences using the Apple HTF.

(4000 Hz). Desired accuracy (<6 dB HL) was achieved for
5 out of 8 frequencies and minimal acceptable accuracy
(<10dB HL) at all frequencies. For the right ear, RMSD
values ranged from 5.8 dB HL (1000 Hz) to 9.7dB HL
(3000 and 6000 Hz), meeting desired accuracy at two out
of eight frequencies and minimal acceptable accuracy
at all.

Test-Retest Reliability of Apple HTF

Test-retest results for the Apple HTF (250-8000 Hz) are
presented in Table 2 and Figure 5. Thresholds were
highly consistent across sessions with 84.1% of thresholds
within 5dB HL, 96.6% within 10 dB HL, and only 3.4%
exceeding 10dB HL. For the left ear, mean differences
ranged from —-1.1dB HL (6000Hz) to 0.7dB HL
(8000 Hz); for the right ear, from —0.6 dB HL (500 Hz)
to 1.5dB HL (2000 Hz). No significant differences were
found between sessions at any frequency. Figure 2B
shows threshold differences between Test 1 and Test 2.

Overall, strong positive correlations were observed
between thresholds obtained from Test 1 and Test 2 for
both ears (Figure 6), with correlation coefficients ranging
from 0.60 to 0.98 across frequencies, indicating strong
correspondence.

Root Mean Square Deviation (RMSD) values between
Test 1 and Test 2, presented in Table 2 and Figure 4B,
also confirmed high test-retest reliability. For the left ear,
RMSD values ranged from 3.6 dB HL. (1000 Hz) to 6.5 dB
HL (250 Hz), while for the right ear, values ranged from
3.0dB HL (1000Hz) to 4.7dB HL (2000 Hz). All
frequencies for both ears met the minimal acceptable
reliability threshold of <10dB HL, and all frequencies
achieved the desired reliability criteria of <6dB HL,
except for 250 Hz in the left ear.

Time-Efficiency of Apple HTF

The mean duration for reference standard audiometry
(250-8000 Hz), conducted by an audiologist, was
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Figure 3. Correlation between reference standard pure-tone audiometry and the Apple Hearing Test Feature at 250-8000 Hz for left and

right ears (n =48 ears, 24 participants).
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Figure 4. RMSD across 250-8000 Hz for left and right ears (n =48 ears, 24 participants). (A) Reference standard pure-tone audiometry
versus Apple HTF. (B) Test | versus Test 2 using Apple HTF. RMSD, Root mean square deviation.

9.8 minutes (1.6 SD; ranging from 7.0 to 14.0 minutes).
Participants completed the Apple HTF twice. Test 1 had a
mean duration of 5.6 minutes (1.1 SD; ranging from 4.0 to
9.0 minutes), and Test 2 averaged 5.7 minutes (1.0 SD;
ranging from 4.4 to 8.0 minutes). Compared to reference
standard audiometry, the Apple HTF was significantly
shorter in duration (median=15.5 vs 10.0minutes),
Z=-417, P<.001 (Wilcoxon signed-rank test). On
average, participants completed the Apple HTF 4.3 min-
utes faster than the reference standard audiometry
(1.9 SD; ranging from —0.3 to 9.0 minutes).

Discussion

This study evaluated Apple's HTF for accuracy, test-
retest reliability, and time-efficiency versus reference

standard PTA. The HTF demonstrated accurate thresh-
olds, with all frequencies achieving at least minimally
acceptable criteria with reference standard PTA.?*? Test-
retest reliability met criteria for both minimal and desired
reliability at all frequencies except for 250 Hz in the left
ear.’>?3 Notably, the HTF was significantly faster than
reference standard audiometry. These findings align with
Apple's clinical validation study as well as prior research
on mobile and automated audiometry, which has shown
good agreement with reference standard PTA while
offering efficiency gains and the potential for scalability
for broader access,'®!>:18:19-24

Apple's clinical validation study evaluated the HTF
against reference standard audiometry in a sample of 201
participants.'® Apple reported a median absolute devia-
tion (MAD) of 1.81 dB HL for the four-frequency pure-
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Figure 5. Mean hearing thresholds measured using the Apple Hearing Test Feature at Test | and Test 2 for each frequency (250-8000 Hz),

displayed separately for (A) left ear and (B) right ear.
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Figure 6. Correlation between test and retest Apple Hearing Test Feature thresholds at 250-8000 Hz for left and right ears (n = 48 ears, 24

participants).

tone average and 1.75dB HL for the eight-frequency
pure-tone average, with high correlations (r =0.974 and
r=0.979, respectively) between HTF and reference
thresholds.'”” While our study used mean differences,
standard deviation, and RMSD to assess agreement, the
consistency of findings across both studies provides
converging evidence for the clinical accuracy of the
HTE.!" Since Apple's internal validation data are not
publicly accessible, the present study provides the first
independent validation of the HTF under simulated
home-use conditions, strengthening transparency and
external validity. Moreover, our study extends Apple's
findings by providing RMSD-based accuracy metrics,

frequency-specific correlation analyses, dedicated test-
retest reliability assessments, and time-efficiency
comparisons—elements not reported in Apple's internal
clinical documentation.

In the present study, the overall mean difference
between HTF and reference standard PTA was —1.0dB
HL (SD 6.0), comparable to meta-analyses of mobile and
automated audiometry, including Oremule et al'’
(1.36dB HL, 95% CI: 0.07-2.66) and Mahomed et al'*
(0.4dB HL, SD 6.1). This is consistent with broader
findings by Wasmann et al,'® who found only 22% of
automated approaches achieved strict accuracy
(RMSD <6dB HL), while most met minimal acceptable
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accuracy (RMSD<10dB HL), as observed in our
study.?>%

Notably, in our study, reduced agreement was mainly at
higher frequencies (6000-8000 Hz), similar to patterns
observed in Apple's internal clinical validation study'®
and in the meta-analyses by Mahomed et al'* which
reported the largest mean differences at 8000 Hz. Though
relevant for speech understanding in noise,>> our results
remain within clinically acceptable limits.?*** Other mobile
audiometry studies reported greater variability at lower
frequencies.”® Berampu et al*® highlighted key factors that
could potentially influence validity, including background
noise, transducer type, calibration, device hardware, user
attention, ear canal conditions, and user errors.

Our test-retest results showed an average difference of
0.2dB HL (SD 4.4) across ears and frequencies, slightly
better than the 0.3dB HL (SD 6.9) reported for
automated audiometry in the meta-analysis by
Mahomed et al'* and Swords et al'® similarly reported
high test-retest correlation in app-based audiometry, even
in cases where accuracy was more variable. In our study,
nearly all frequencies met desired reliability criteria
(RMSD<6dB HL), demonstrating consistent HTF
performance across tests that exceeded what was observed
for accuracy.’>??

Unlike many mobile audiometry tools that have been
validated primarily for screening purposes,'’*"*® the
integration of Apple's HTF into consumer electronics and
its role to inform Apple's self-fitting OTC HAF represents a
novel advancement.'® Integrating consumer electronics with
software-based medical-grade hearing tests opens new
opportunities for adults to self-monitor their hearing status,
and also support hearing aid fitting for persons with
perceived mild-to-moderate hearing loss. Furthermore, the
direct linkage with Apple's HAF offers the possibility of a
comprehensive, self-managed hearing solution, supporting
models of self-care within hearing healthcare.'>!®

Certain limitations of Apple's HTF should be considered.
The feature does not assess thresholds at 125 Hz and lacks
bone conduction testing, which limits its ability to
differentiate between conductive and sensorineural hearing
loss. Additionally, it does not include automated flagging of
asymmetrical hearing loss or incorporate masking protocols
in cases of potential cross-hearing, which may delay
appropriate medical referral. From a study design perspec-
tive, only a single pair of AirPods Pro 2 was used across
participants, so inter-device variability was not evaluated, an
area for future research. Although the sample size aligns
with precedent in prior validation studies, its sample size
may still limit broader generalizability, underscoring the
need for replication in larger and more diverse samples.
Finally, since all participants had self-reported mild-to-
moderate hearing loss, consistent with the intended user
group for the HTF and Apple's FDA-cleared HAF, the
performance of the HTF in individuals with more
substantial degrees of hearing loss remains unknown and
should be examined in future studies.
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Conclusion

Apple's HTF demonstrated accuracy and reliability
within established acceptable criteria, and significantly
improved time-efficiency compared to reference standard
PTA. These findings support its potential for self-
monitoring hearing status and as part of a self-fitting
OTC hearing aid pathway. Nevertheless, awareness of its
limitations, including the absence of bone conduction
testing, is important to ensure appropriate use and
referral when needed. Further studies should investigate
the inter-device reliability of the HTF, its performance
across different user environments, and the usability and
effectiveness of its integration with Apple's HAF as part
of a complete OTC hearing care solution.
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