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Background: Home-based remote audiometry has been emerging due to the
increasing accessibility of mobile technology and the need for healthcare
solutions that are available worldwide. However, the challenges presented by
uncontrolled conditions, such as noisy environments, could compromise the
reliability of the hearing assessment.

Method: In this study, we evaluate the reliability of the Jacoti Hearing
Center (JHC) smartphone application in di�ering ambient noise environments.
Hearing test data were synchronized from the JHC application to the Jacoti
earCloud database (JEC). We collected, de-identified, and analyzed real-world,
home-based audiometric test data spanning from 2015 to 2023, extracted from
the JEC database. A set of exclusion criteria was defined to perform data
cleaning, ensuring the removal of incomplete and unreliable data, as well as,
data from users who had completed a large number of tests. The final dataset
comprised 9,421 test and retest threshold pairs from 1,115 users. Hearing tests
conducted under relatively quiet and noisy conditions were categorized based
on threshold-to-noise ratio.

Results: The test-retest reliability of the JHC application demonstrated an
average absolute di�erence of 4.7 dB within the range from 20 to 75 dB, ranging
from 3.7 dB to 6.2 dB across frequencies. A strong positive correlation of 0.85
was found between test and retest thresholds. Moreover, the pure tone average
di�erences were within 5 dB for 84.6% of the audiograms. No clinically significant
e�ects of ambient noise were observed on thresholds determined between 20
and 75 dB HL.

Conclusions: Our results demonstrate that the JHC application can provide
reliable audiometric data for hearing loss, even in non-ideal acoustic conditions.
This highlights the potential of home-based audiometric assessment, reinforcing
the idea that, with continuous noise monitoring and noise-aware control of the
testing procedure, remote audiometry can be reliable.
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1 Introduction

Clinical audiometry is an established method of hearing

assessment and serves as a valuable tool in the diagnosis of hearing

problems (Katz et al., 2015). It follows a specific protocol during

a clinic visit, which involves the use of specialized equipment

within a soundproof booth to estimate the audiogram through

pure-tone audiometry. However, clinical audiometry is a resource-

intensive process, requiring not only specialized equipment and

facilities but also trained professionals (Wilson et al., 2017). The

demand for these resources is increasing due to the growing need

for hearing healthcare, the shortage of qualified experts, and a

growing global awareness of the importance of addressing hearing

loss (World Health Organization, 2021), emphasizing the pressure

on healthcare systems to meet these demands (Wasmann et al.,

2021; Willink et al., 2021).

Apart from diagnostic purposes, audiometry is also of prime

importance in the treatment of hearing loss through the fitting of

hearing devices, where the audiogram serves as the key information

required for this purpose (Kiessling, 2001). Audiogram-based

self-fitting is one approach acknowledged by the U.S. Food and

Drug Administration (U.S. Food and Drug Administration, 2022)

allowing the purchase of Over-The-Counter (OTC) hearing aids for

adults with mild to moderate hearing loss (Lin and Reed, 2022).

OTC devices are intended to be fitted, without the requirement for

clinical audiometry, thereby offering a potential solution to address

unmet hearing healthcare needs (Convery et al., 2017; Keidser and

Convery, 2018; Manchaiah et al., 2023; Perez-Heydrich et al., 2023).

Clinical audiometry involves behavioral testing using an

adaptive staircase procedure for each test frequency, such as

the modified Hughson–Westlake procedure, which is particularly

suitable for automation (Margolis and Morgan, 2008). Automated

audiometry was initially developed to improve efficiency and

eventually replace audiologists in conducting clinical audiometry,

allowing them to allocate more time to other tasks (Békésy,

1947; Mahomed et al., 2013). From then, many studies have

demonstrated that automated pure-tone audiometry can yield

hearing threshold estimates that are comparable to those obtained

through conventional audiometry and also exhibit high test-

retest reliability (Margolis et al., 2010; Mahomed et al., 2013;

Shojaeemend and Ayatollahi, 2018; Brittz et al., 2019; Mosley

et al., 2019; Colsman et al., 2020; Sandström et al., 2020).

Moreover, automated audiometry offers various benefits, including

the optimization of test duration (Frank et al., 2021; Liu et al., 2022),

the potential for reducing subjectivity in audiological assessment

(Wimalarathna et al., 2023), and the opportunity to integrate

Machine Learning into clinical diagnosis (Cox and de Vries, 2021).

Reliability is a crucial factor in the evaluation of audiometric

procedures (Mahomed et al., 2013). In this context, reliability refers

to the consistency of audiometric results across sessions of the same

user. The inherent variability of pure tone audiometry between

test and retest measurements is expected to be within ±5 dB in a

clinical setting (Stuart et al., 1991), with higher variability observed

in lower and higher frequencies compared to mid-frequencies

(Mahomed et al., 2013). In previous years, test-retest reliability

of audiometric assessments has been systematically investigated,

demonstrating that both manual and automated audiometry can

achieve high levels of reliability when standardized protocols are

followed (Smith-Olinde et al., 2006; O’Brien et al., 2010; Swanepoel

et al., 2010; Shojaeemend and Ayatollahi, 2018; Sandström et al.,

2020).

Importantly, automated audiometry enables the

implementation on consumer devices (Yeung et al., 2013;

Thompson et al., 2015; Thoidis et al., 2019) and therefore the

ability to be performed remotely, outside the clinic (Visagie et al.,

2015; Wasmann et al., 2022), providing a convenient and accessible

option for individuals who might otherwise forgo standard

audiometric evaluations (Swanepoel et al., 2019; Sidiras et al.,

2021). Several automated audiometric tests have been released for

application beyond the sound booth (see review by Irace et al.,

2021). As such, software applications for tablets and smartphones

have been introduced (Chen et al., 2021). However, most studies

utilized supervised settings and specialized equipment, including

insert earphones with additional ear muffs, to mitigate the effects

of ambient noise (Maclennan-Smith et al., 2013; Magro et al.,

2020; Liu et al., 2023). While effective in clinics without a proper

sound-treated booth, these methods are not directly applicable to

the context of unsupervised, home-based self-hearing tests.

The intended use of self-assessment hearing tests involves the

use of mobile applications and consumer headphones in a real-

life environment or at home, which is not, by definition, a low-

noise environment comparable to an audiometry booth. This poses

significant challenges to the accuracy and reliability of remote

audiometry, primarily due to the variability and unpredictability

of ambient noise. The primary concern here is that ambient noise

in the test environment might impede tone detection due to

masking (Small, 1959), leading to an overestimation of hearing

threshold values. In a clinical setting, the maximum permissible

ambient noise levels are specified for use during audiometric

testing (American National Standards Institute/Acoustical Society

of America, 2023), while in the remote-based setting, ambient

noise is not under control. Therefore, determining the degree

to which ambient noise of real-world environments can affect

the results of remote audiometry outcomes becomes crucial.

Beyond validating the accuracy of the results in non-clinical

environments, it is also vital to evaluate the methods that are

applied to adapt hearing assessment in consumer-facing hearing

solutions (Consumer Technology Association, 2023). Strategies for

mitigating the effect of ambient noise on pure-tone audiometry

include additional noise attenuation, such as ear muffs (for a review

see Behar, 2021), and continuous noise monitoring (Maclennan-

Smith et al., 2013; Meinke and Martin, 2023).

Continuous noise monitoring has been integrated into

automated audiometry with the aim of automatically pausing the

test if ambient noise levels exceed specified limits and providing

instructions to the user on how to proceed accordingly. Several

studies have demonstrated the high reliability and validity of

smartphone applications equipped with ambient noise monitoring

features, for determining hearing thresholds outside a soundbooth

(Buckey et al., 2013; Maclennan-Smith et al., 2013; Storey

et al., 2014; Swanepoel et al., 2015; Serpanos et al., 2022).

Although, in most of the studies, testing occurred in a non-

sound-treated environment, it was conducted in a controlled and

quiet office room with low to moderate ambient noise levels
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(Storey et al., 2014; Swanepoel et al., 2015; Thompson et al., 2015;

Brennan-Jones et al., 2016; Bastianelli et al., 2019; Brittz et al., 2019;

Sandström et al., 2020). In addition, larger threshold variations

at certain frequencies have been reported in cases where ambient

noise levels exceeded the recommended values (Thompson et al.,

2015; Brennan-Jones et al., 2016; Sandström et al., 2016; Brittz et al.,

2019), suggesting a potential influence of ambient noise on these

variations. Therefore, a more comprehensive understanding of the

impact of ambient noise on remote self-administered audiometry

can be gained through larger datasets that reflect the real-world

variations in ambient noise environments. This approach, however,

is contingent upon the condition that noise data during hearing

assessment are systematically collected.

In a previous study, Hazan et al. (2022) conducted an evaluation

of the test-retest reliability of the Jacoti Hearing Center (JHC)

smartphone application, utilizing data from 500 users in real-

world settings. This applicationmonitors noise levels during testing

and the noise spectra are stored after each tone presentation. The

selected users performed the hearing test more than once, on

their own initiative and the reported reliability was close to that

reported of clinical audiometry. In the present study, we extend

this analysis to a larger dataset of 1,115 users and we assess the

impact of ambient noise on threshold determination for users

who underwent the test twice, leveraging noise measurements

from the calibrated microphone of the smartphone. By addressing

these challenges, our goal is to explore factors that can enhance

the reliability and accessibility of hearing assessment, allowing

individuals to accurately monitor their hearing health without the

need for specialized equipment and supervision.

2 Materials and methods

2.1 Hearing test application

JHC is an Apple iOS-based application that provides a fully

automated software-controlled hearing test, intended for self-

assessment at home, without supervision of a hearing professional.

The hearing test utilizes the DuoTone procedure, which is

a proprietary algorithm developed for automated audiometry

(Coninx, 2014). This procedure presents pure-tone stimuli (i.e.,

the same stimuli that are used for clinical audiometry) to the

test subject at variable intensities, following an adaptive staircase

procedure. The DuoTone procedure uses pairs of pure-tone stimuli

comprising a low(er)-frequency (presented as a single tone with

700ms duration, followed by 300ms of silence) and an intermittent

high(er)-frequency tone with the same total duration but presented

as three short tones (220ms each, separated 170ms of silence).

Additionally, a third stimulus type which does not contain any

signal represents a “silent stimulus”. In each trial, one of the three

stimuli is randomly selected by the software and the subject is

requested to respond by tapping one of three buttons on a touch

screen display. After the subject responds, the next test stimulus is

presented followed by a short delay. The procedure employs a 5 dB

down, 10 dB up adaptive strategy for assessing hearing thresholds,

requiring at least three reversals. The hearing threshold is calculated

as the mean of the three stored presentation levels at reversals,

adding half the step size (i.e., 2.5 dB). This approach provides a

resolution of 1.67 dB for determining the threshold levels. The

series of stimulus pairs in the test are presented sequentially

as 500Hz with 2,000Hz, 1,000Hz with 4,000Hz, 125Hz with

8,000Hz, 250Hz with 12,000Hz, 750Hz with 3,000Hz, and finally,

1,500Hz with 6,000Hz. Finally, the hearing test results are stored

in the Jacoti earCloud database1 (JEC). The DuoTone procedure

was validated in a clinical investigation under noise-controlled

conditions, i.e., inside a sound booth (Hazan et al., 2022). The

results of this investigation demonstrated the accuracy of hearing

thresholds determined by DuoTone when evaluated against the

Hughson–Westlake procedure of clinical audiometry.

2.2 Apparatus

The JHC application has undergone calibration for iPhone

devices, ranging from model 4 up to model 13, connected

to wired Apple EarPods, which are the default headphones

and are included in the device packaging. Calibration of the

output transducers was initially done using the threshold-

determination method, as explained in Coninx et al. (2015)

and Hazan et al. (2022). To establish Reference Equivalent

Threshold Sound Pressure Levels (RETSPL) for Apple EarPods, a

group of normal-hearing individuals was recruited in a previous

study. For subsequent releases of the application and to allow

support of new devices, sound pressure levels of calibration

tones played by the tested devices connected to the Apple

Earpods were measured in an ear simulator,2 allowing to

measure the consistency of the sound output across devices. For

accurate calibration, users are advised to exclusively utilize Apple

EarPods, as specified in the JHC app user manual, and in the

application itself.

For noise monitoring purposes, the device internal microphone

is used. The iPhone device allows to record monaural audio

through one of several internal or one mouth-level available

microphones. We selected the iPhone internal bottom microphone

due to its recording characteristics: the microphone can be

configured to an omnidirectional polar pattern and is less

susceptible to interference than the mouth-level microphone. The

noise monitoring component is implemented and calibrated as

follows. The noise monitoring component measures the Sound

Pressure Level (SPL; re. 20 µPa) in 1/3-octave bands. This is

implemented using a bank of high-order Butterworth filters that

conforms to the class-2 acceptance limits of the IEC 61260-

1:2014 standard (International Electrotechnical Commission,

2014). Sound levels are measured across 21 frequency bands, with

center frequencies from 125Hz to 12,000Hz. It is assumed that the

noise field in the surrounding area of the smartphone and the ear of

the user is diffuse. This assumption is valid in environments where

noise sources are ambient, and sound waves propagate evenly

in all directions. This allows us to consider the sound pressure

level measured by the smartphone as equivalent to that outside

the ear canal for a sufficiently long measurement window. We

apply correction factors so that the measured iPhone microphone

1 https://earcloud.net/

2 GRAS RA0045 Externally Polarized Ear Simulator.
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1/3-octave bands levels match those of a calibrated sound level

meter.3 The measured noise levels are subsequently weighted

to compensate for the passive attenuation of the earphones, as

measured in the ear simulator, so that the ambient noise level inside

the ear canal can be approximated. To ensure continued accuracy

of both input and output transducers calibration, regular updates

of the JHC app are released to address any changes in iOS device

technology or operating systems, and to verify calibration of every

supported device.

2.3 Continuous noise monitoring

High ambient noise levels during clinical assessment of pure

tone audiometry can interfere with the user responses due to tone

masking, and create an elevation of hearing threshold levels (Small,

1959). Thus, the level of the stimuli should be high enough for the

user to be able to detect the test tones (Frank and Williams, 1993).

Following, we describe how the continuous noise monitoring logic

is integrated into the JHC application.

Sound pressure levels are computed as defined in the previous

section and converted to Hearing Level (HL) using the normal-

hearing threshold level contour (International Organization for

Standardization, 2023), so that they are directly comparable with

the level of the stimuli. The beginning of the hearing assessment

procedure requires that the ambient noise level should be below

a certain threshold so that the next frequency pair can be tested

without risk of tone masking. JHC calculates the noise profile at

each time step of the staircase procedure for every test frequency

and ear, corresponding to each tone presented to the user. If, at

any point during testing, the ambient noise level at the frequency

being tested exceeds the maximum permissible level, the test is

temporarily paused and the application notifies the user that a quiet

testing environment must be maintained to continue. This allows

the user to take appropriate action when ambient conditions are not

appropriate for hearing assessment. This approach was embraced

by Irace et al. (2021), where JHC was distinguished among 44

audiometric applications reviewed for its feature of continuous

noise monitoring. In cases where consecutive noise warnings occur

for a specific frequency, the system does not determine a threshold

for it and instead advances to the next frequency pair. In such

cases, data from measurements that are completely stopped are not

uploaded to the earCloud database and, therefore, are not included

in the analysis.

To ensure that users can reliably detect the stimulus when high

noise levels are observed, the application dynamically employs a

safety margin above the perceived noise level at the corresponding

frequency. This estimation considers the ambient noise level during

stimulus presentation within the corresponding frequency band,

while also factoring in the band passive attenuation introduced by

the selected earphones. In cases where an incorrect user response

coincides with a condition that is likely to be affected by frequency

masking, the procedure rejects the trial as potentially unreliable.

Subsequently, the same stimulus level is presented again in the

next trial. There are two edge cases in which the hearing test

3 NTi XL2 sound-level meter equipped with a M2230 microphone.

application cannot reliably estimate a hearing threshold for a

specific frequency. In the first edge case, if the stimulation level

is low and the generated tone would probably be masked by

environmental noise, the DuoTone procedure yields a threshold

range indicating that the threshold is equal to or better than a

specific value. Therefore, this approach enables the assessment of

hearing thresholds to the extent allowed by the ambient noise

conditions. In the second edge case, if the required stimulation level

exceeds themaximum level supported by the application, it is noted

that the actual threshold is equal to or worse than a specified value.

2.4 Dataset

The analysis is based on the hearing test data available in

the JEC database. The JEC database contains the hearing test

results for all users who have installed JHC and performed

a hearing test. In addition to the hearing test data, the

database also contains users’ demographic data, originating from a

questionnaire included in JHC and containing the self-reported sex

(male/female/unspecified) and age data. For each frequency tested,

the JEC database stores information on the ambient noise at the

time of the respective frequency test step. Another database, the

Jacoti Data Warehouse, is constructed to provide a secure view of

JEC audiometric data that are collected from the JHC application.

Personally identifiable data (PID) are eliminated by de-identifying

user demographic data. Specifically, a unique identifier is randomly

assigned to each user. The audiometric data include the tone level,

the type of tone, and which ear was tested. For each trial, the

ambient noise band levels from 125 to 12,000Hz are measured

at the time of the stimulus presentation. Finally, we obtain the

user’s hearing threshold, the date at which the test took place,

and which device model was used. The hearing test data were

collected between 2015 and 2023 from 5,247 registered users of the

JHC application, including hearing thresholds measured within the

range from 10 to 85 dB HL.

2.5 Data cleaning

In real-world datasets there are factors that cannot be

controlled, such as the number of tests conducted by each user and

user engagement during the hearing assessment. To address this,

we performed a data cleaning process on the full JEC dataset. This

process involved removing incomplete and unreliable data that

could potentially distort the results of the study, while examining its

balance and composition at every stage of the analysis. Specifically,

the following criteria were applied to determine the audiometric

dataset used for the assessment of test-retest reliability:

1. Users that are part of Jacoti B.V. were excluded, to avoid

potential biases arising from experimentation, repeated testing,

and familiarity with the testing procedure.

2. Incomplete threshold measurements with fewer than three

reversals were excluded. A session can be terminated either by

the user or by the ambient noise monitoring mechanism if an

unreliable ambient noise environment persists. The incomplete

measurements account for 1.5% of the initial dataset.
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3. Threshold measurements involving reversal points which

deviate by 15 dB or more are marked as unreliable by the

JHC application, and were not considered in the analysis. This

exclusion represents 1.4% of the initial dataset.

4. Threshold m easurements including trials with invalid noise

values, due to a software bug in an older version of the JHC

application, were excluded from the dataset. The excluded

measurements account for 1.5% of the total measurements.

5. Sessions that are terminated by the user before completing

an adequate number of frequency measurements may

suggest various factors such as user distraction, impatience,

or experimentation with the JHC application. In clinical

practice, a comprehensive audiogram with at least 6 threshold

measurements, including octave frequencies from 250 to

8,000Hz, is typically employed for an accurate diagnosis,

according to accepted guidelines and standards (Katz et al.,

2015). Moreover, sessions in which thresholds were not

measured for all frequencies may lack the necessary depth

of data to support accurate and meaningful conclusions. As

such, sessions that are terminated without determining 6 or

more frequencies per ear were excluded from the analysis. This

involves 6.9% of the total measurements.

6. For an evaluation of test-retest variability, it was decided to

include test-retest thresholds over a time frame for at most 90

days. Too long periods may introduce variables that could affect

hearing, such as age-related changes, noise exposure, or health

conditions. Applying a maximum time frame restriction of 90

days aims tominimize the chance that external factors or natural

progression of hearing loss will alter the results, while still being

long enough to include the majority of the data. The excluded

threshold measurements account for 4.2% of the total data.

7. Regarding the test-retest evaluation, a small subset of JHC

users contributed to a significantly large proportion of sessions.

Specifically, we observed that 8.2% users contributed 33.4% of

the sessions. To prevent the results from being biased toward

the behavior of these users, we retained the first two sessions

for each user in chronological order, encompassing 76.5% of

the total dataset. The aim of this criterion is to ensure that

the results are representative of the overall user population,

especially new users.

Finally, the data cleaning method employed in our analysis

resulted in a dataset with 4,115 unique users and 117,063 threshold

measurements, consisting of 50.3% of the available JEC data.

2.6 Formation of test-retest threshold pairs

Threshold pairs for test and retest were created by pairing

consecutive threshold measurements for the same user, ear, and

frequency. Eventually, 27.5% of users only completed a single

hearing test, and no re-test was performed. For the remaining

data, we matched threshold pairs and combined them with

the corresponding average ambient noise level recorded during

the tests. Test-retest threshold differences were examined for

thresholds that are within 20 and 75 dB HL (i.e., 10 dB from

both the lower and upper testing limits of the JHC application).

This avoids the potential floor and ceiling effects that may arise

from examining threshold differences that are close or equal to the

testing limits. Finally, the test-retest reliability dataset encompasses

18,842 threshold measurements, comprising 9,421 threshold pairs

by 1,115 users. The dataset comprised 918 left and 887 right ears.

The number of hearing threshold pairs varied across frequencies,

ranging from 325 at 500Hz to 957 at 8,000Hz. Figure 1 illustrates

the data collection, cleaning, and threshold pair matching process

to yield the test-retest reliability dataset.

The Pure Tone Average (PTA4) is a universal metric used to

assess the overall hearing loss. Based on the Consumer Technology

Association (2023) standard, the PTA4 is defined as average of pure

tone hearing thresholds at four specific frequencies (500, 1,000,

2,000, and 4,000Hz) that is obtained separately for each ear. In the

JEC dataset, 64.4% audiograms were valid for PTA4 calculation,

including pairs of all four frequencies. Moreover, 546 audiograms

had a PTA4 of both test and retest sessions between 20 and 75 dB

HL. The latter were used to assess the test-retest reliability of PTA4.

The average reported age was 52 years (SD: 17 years).

Specifically, 23% of users reported an age between 20 and 40

years, 40% users between 40 and 60, and 31% users between

60 and 80 years. Given that the demographic data was self-

reported, it should be interpreted with caution. Finally, the dataset

includes measurements with 10% normal and slight, 30%mild, 29%

moderate, 26% moderately severe, and 5% severe thresholds, as

classified by the American Speech-Language-Hearing Association

(Clark, 1981).

2.7 Ambient noise environment
categorization

The analysis presented here uses as a starting point the

noise profile measurements performed during every tone

presentation of the DuoTone staircase procedure, for each

frequency and ear tested, which allows the computation of a

hearing threshold. Here, we focused on the 1/3 octave band

noise level corresponding to the frequency of each test tone,

which was measured during the tone presentation. We aggregated

noise measurements across all trials for a given frequency

and the average level for each frequency was calculated (in

dB HL), providing the overall ambient noise level for each

threshold measurement.

We aim at defining ambient noise environment categories

that reflect whether a measurement is done in a quiet or noisy

condition with respect to the hearing threshold being measured.

We therefore define the categories of “Quiet” and “Noisy” as

relative terms, rather than absolute, categories, considering that the

impact of ambient noise on pure tone audiometry is commonly

assessed in relation to the specific threshold level (ANSI S3.1, 2023).

Specifically, we categorize a measurement as “Noisy” when the

threshold-to-noise ratio at the test frequency (i.e., the difference

between the hearing threshold level and the average ambient noise

level during testing, both expressed in dB HL), is at or below

10 dB HL. Conversely, we label measurements as “Quiet” when

this criterion is not met, indicating that ambient noise is likely

not a major factor affecting the results of the hearing test. This

categorization aims to account for the potential elevation of the

measured hearing threshold by up to 10 dB when ambient noise

levels are close to the actual hearing threshold. Figure 2 shows the
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FIGURE 1

The data processing pipeline used in this study. Audiometric data are collected from the Jacoti Hearing Center application and uploaded to the
EarCloud database. Following the de-identification, several data cleaning stages are applied to construct the dataset used for the assessment of
test-retest reliability.

joint distribution, which categorizes threshold measurements into

Noisy and Quiet conditions based on the average ambient noise

levels. Overall, the dataset includes a total of 18,842 individual

thresholds, where 17,006 thresholds were classified in the Quiet

condition and 1,836 thresholds in the Noisy condition. These

comprised a total of 9,421 test and retest threshold pairs of the same

user, ear, and frequency.

In evaluating the impact of ambient noise on test-retest

reliability, the analysis was structured to categorize threshold pairs

based on the ambient noise conditions during their corresponding

test and retest measurements. Threshold pairs were distinguished

based on whether both the test and retest were conducted

under Quiet conditions, and pairs where at least one of the

measurements occurred in a Noisy environment. Accordingly,

the dataset used in the analysis consists of 8,121 test and retest

threshold pairs under the Quiet condition and 1,300 under the

Noisy condition. Of the pairs in Noisy conditions, 764 involved one

Noisy measurement, while both test and retest measurements were

Noisy in 536 pairs.

For frequencies ranging from 125Hz to 6,000Hz, the

proportion of threshold pairs in the Noisy condition exhibits a

varied distribution, with percentages ranging between 7.4% and

27.8%. At 8,000Hz, the counts for Quiet and Noisy conditions were

1,208 and 23, respectively. Additionally, 11 threshold pairs were

classified as Noisy at 12,000Hz, compared to 1,121 for the Quiet

condition. Consequently, analysis of differences between Quiet and

Noisy conditions at 12,000Hz was not performed.

2.8 Statistical analysis

Test-retest reliability is evaluated by analyzing hearing

threshold measurements for the same user, ear, and frequency, both

overall and when categorized by frequency, degree of hearing loss,

and ambient noise conditions. The statistical analysis quantifies

the proportion of threshold variations within 5 and 10 dB, and

presents both relative and absolute differences and deviations.

The relationship between test and retest thresholds was assessed

using the Bland-Altman limits of agreement, the interquartile

ranges, the intraclass correlation coefficient, and the Spearman’s

correlation coefficient.

The JEC dataset exhibits real-world variability and is

susceptible to influences of uncontrolled factors such as user

behavior. In this context, statistical results presented in terms of

mean and standard deviation (SD) metrics can be inflated by a

few extreme values, and thus should be interpreted with caution.

On the other hand, median-based metrics, such as the median

value and median absolute deviation provide robustness against

outliers and better capture the inherent variability of real-world

data. Therefore, integrating both median-based and mean-based

statistics offers a more balanced and realistic representation of

data variability, allowing for a more accurate interpretation of the

findings when analyzing large-scale datasets like JEC.

In the statistical analysis of absolute test-retest threshold

differences, a normal distribution could not be assumed due to the

nature of the data. Therefore, instead of ANOVA, we employed
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FIGURE 2

Distribution of ambient noise conditions, namely Quiet and Noisy, for individual threshold measurements based on the corresponding threshold level
and the average band ambient noise level (both in dB HL). The color density in the main histogram represents the number of hearing thresholds in
each cell for each condition. Along the top and right margins, the marginal histograms provide separate univariate distributions for each axis. The
numbers inside the parentheses indicate the number of samples included in the Quiet and the Noisy condition.

the non-parametric Kruskal-Wallis H test to determine whether

there are any statistically significant differences in the distributions

across three or more independent groups. Post-hoc analyses

were conducted using the Mann-Whitney U test to determine

whether there were statistically significant differences between the

distributions of two independent groups. The Mann-Whitney U

test, being non-parametric, does not rely on assumptions about

normality and homogeneity of variances, which are prerequisites

for the traditional t-test. Clinically meaningful differences were

reported considering the effect size and the 95% confidence interval

(CI). The effect size of the Mann-Whitney U test was calculated

as r=z/
√
N, where z is the z-score and N is the total sample size.

The standard error in the calculation of the z-score was corrected

to account for the presence of tied ranks in the data. The effect size

of the Kruskal-Wallis H test was calculated as:

ε2 =
H − (k− 1)

N − k

where H is the test statistic, k is the number of groups, and N

is the total sample size. Effect size was interpreted as small (r ≤
0.1), small to medium (0.1 < r < 0.3), medium (r = 0.3), medium

to large (0.3 < r < 0.5), and large (r ≥ 0.5) (Arnoldo et al.,

2015). Effect sizes were considered clinically meaningful when they

were medium or larger (De Sousa et al., 2023). We performed all

statistical analysis using the python programming language and the

Statsmodels, NumPy, and SciPy libraries.

3 Results

3.1 Test-retest reliability of hearing
thresholds

Overall, test and retest threshold levels presented an average

difference of 0.4 dB and a median difference of 0 dB, suggesting

no systematic bias between the first and second hearing tests.

Moreover, a symmetric distribution of threshold differences was

observed, indicated by an average skewness value of 0.0. The

average absolute difference between test and retest thresholds was

4.7 dB, while the SD was 7.6 dB. In addition, the median absolute

deviation between test and retest thresholds was lower at 3.3 dB.

Test and retest thresholds were within 5 dB for 74.2% of cases, while

89.6% of threshold pair differences were within 10 dB. The Bland-

Altman analysis revealed limits of agreement (mean difference ±
1.96 ∗ SD) ranging from −14.6 dB to 15.3 dB. In complement to

this, the median and interquartile range (IQR) analysis, which is

more robust to outliers, suggests tighter bounds for the central 50%

of differences (median difference± 1.5 ∗ IQR), ranging from−10.0

dB to 10.0 dB.

Results for individual frequencies are presented in Table 1. The

mean absolute differences range from 3.7 dB to 6.2 dB across

frequencies, while the median absolute differences range from 1.7

dB to 3.3 dB. In terms of percentage agreement of test and retest

thresholds across frequencies, the within 5 dB category ranged
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TABLE 1 Test-retest reliability results across test frequencies.

Frequency (Hz) Overall

125 250 500 750 1,000 1,500 2,000 3,000 4,000 6,000 8,000 12,000

Number of

threshold pairs

748 528 394 475 531 691 678 838 1,025 1,150 1,231 1,132 9,421

Median difference

(dB)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Mean difference

(dB)

0.8 0.6 0.5 0.2 0.5 0.3 0.1 0.1 0.2 0.2 0.1 0.8 0.4

Mean absolute

difference (dB)

6.2 6.1 5.6 5.2 5.2 4.7 4.0 3.7 4.1 4.2 4.6 4.8 4.7

Median absolute

deviation (dB)

3.3 3.3 3.3 3.3 3.3 3.3 1.7 1.7 1.7 3.3 3.3 3.3 3.3

Standard deviation

(dB)

9.0 9.2 9.0 8.2 8.2 7.9 6.9 6.3 7.0 6.7 7.3 7.6 7.6

Thresholds within

5 dB (%)

61.6 65.2 70.3 70.5 70.6 74.8 81.1 82.0 78.9 77.0 74.7 73.1 74.2

Thresholds within

10 dB (%)

82.4 83.9 87.8 88.2 88.9 90.2 93.1 92.7 91.7 90.8 90.2 90.0 89.6

The table presents the total number of threshold pairs in each frequency, along with mean and median statistics, and the percentages of test-retest threshold pair that exhibit differences within 5 dB and 10 dB. Thresholds are determined with a step size of 1.67 dB,

according to the DuoTone audiometry method. The “Overall” column presents aggregated values for all frequencies.
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FIGURE 3

Log-scaled histogram of test-retest thresholds pairs across all frequencies. The horizontal axis represents the threshold level at the first measurement,
while the vertical axis shows the threshold level at the second measurement. Darker shades denote a higher number of threshold pairs in each bin.

from 61.6% to 82.0%, and the within 10 dB category extended

from 82.4% to 93.1%. The mean and SD of absolute threshold

differences appear to be higher at lower frequencies, however the

Kruskal-Wallis H test showed no clinically significant difference

in absolute hearing threshold variations across the various test

frequencies (ε2 = 0.02, p < 0.001).

In analyzing the test-retest reliability, the correlation

between the test and retest thresholds is examined.

Figure 3 shows the density of test and retest hearing

thresholds in a logarithmic scale. Despite the presence

of a number of outliers, which is a common aspect of

real-world data, higher density of levels aligns closely to

the diagonal.

An intraclass correlation analysis, conducted on threshold

measurements across test and retest sessions, yielded coefficient

values of 0.85 for both single users (absolute and random effects)

(p < 0.001, CI: 0.84 to 0.87) and 0.92 for average ratings (p

< 0.001, CI: 0.91 to 0.93). Additionally, the Spearman’s rank

correlation (rs) was computed for every frequency. The average

test-retest correlation of rs = 0.85 (p < 0.001) across frequencies

indicates a strong positive association between test and retest

thresholds. An orthogonal regression analysis confirms the strong

linear relationship between the test and retest results, with an

overall explained variance of R2 = 0.76. The explained variance

ranges from 0.57 to 0.82 as frequency increases. This correlation

suggests that the test scores are predictive of the retest scores in

mid and high frequencies. Notably, this aligns with the observation

of increased variability at lower frequencies. The orthogonal

regression slope of test and retest thresholds is β = 0.88, with

individual frequency slopes ranging from 0.75 to 0.92. Ideally, a

slope of β = 1 would indicate that the initial test results align

perfectly with the results from the retest. Our results, being close

TABLE 2 Mean and median absolute di�erences (in dB) of test and retest

PTA4 values for each ear across degrees of hearing loss.

Hearing loss
degree

Mean absolute
di�erence (dB)

Median absolute
di�erence (dB)

Mild 2.3 1.2

Moderate 3.2 1.7

Moderately Severe 4.1 2.5

Severe 4.9 1.9

to 1, indicate that the test and retest thresholds have a strong

linear relationship.

3.2 Test-retest reliability of pure tone
average

Table 2 presents the test-retest absolute differences of PTA4,

categorized by various degrees of hearing loss based on the initial

hearing assessment (World Health Organization, 2021). Overall,

the average absolute differences in PTA4 for all degrees of hearing

loss remained under 5 dB. The test-retest absolute differences

of PTA4 had mean and median values of 3.2 dB and 1.7 dB,

respectively, with 84.6% of the PTA4 value differences falling within

5 dB. Additionally, 94.0% of the PTA4 differences were within 10

dB. The Bland-Altman analysis showed limits of agreement ranging

from −11.9 dB to 13.0 dB. Additionally, the median and IQR

analysis showed that the central 50% of differences fell between

−4.9 dB and 4.9 dB. Additionally, the mean andmedian differences

in PTA4 were larger for moderately severe and severe hearing loss
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compared to those with mild or moderate hearing loss. This pattern

suggests a higher variability in PTA4 measurements as the severity

of hearing loss increases.

3.3 E�ect of ambient noise on test-retest
reliability

Overall, the average absolute test-retest difference was 4.5 dB

(SD: 5.5 dB) for the Quiet condition and 5.9 dB (SD: 8.3 dB)

for the Noisy condition. For both conditions, the median values

were equal to 3.3 dB and the median absolute deviation values

were also equal to 1.7 dB. The Mann-Whitney U test indicated

no clinically significant difference between the Quiet and Noisy

conditions (effect size r = −0.02, 95% CI: −0.04 to −0.00). The

Bland-Altman analysis revealed limits of agreement, ranging from

−13.7 dB to 14.3 dB for the Quiet condition and −19.2 dB to 20.5

dB for the Noisy condition. In addition to this, the median and IQR

analysis, which is more robust to outliers, showed that the central

50% of differences were equal for Quiet and Noisy conditions,

ranging from−10.0 dB to 10.0 dB.

We conducted additional testing to further examine this

observation, particularly focusing on its consistency when

categorizing a pair of threshold measurements as belonging to the

Quiet and Noisy conditions. As described in Section 2.7, this rule

combines pairs of thresholds under two conditions: one where both

are Noisy, and another where one is Noisy and the other is Quiet.

For each category, we conducted separate evaluations. Our results

demonstrated no clinically meaningful differences in absolute

threshold deviations. Specifically, this applies for measurements

conducted in both Quiet conditions and in mismatched ambient

noise conditions, which involve threshold pairs comprising one

Quiet and one Noisy condition (effect size r = −0.15, 95% CI:

−0.17 to −0.12). Similarly, we found no clinically significant

differences between Quiet conditions and test-retest threshold

pairs involving both Noisy conditions (effect size r = 0.14, 95% CI:

0.12 to 0.16).

For test and retest threshold measurements that were

conducted in mismatched conditions (i.e. one measurement was

conducted in a Quiet condition and the other in a Noisy condition),

a one-tailed Mann-Whitney U test was conducted to test whether

thresholds from the Noisy condition tend to be higher than

thresholds from the Quiet condition. No statistically significant

increase was observed in threshold levels in the Noisy condition

compared to the Quiet condition (p > 0.05). Thresholds measured

in the Quiet condition (Mean: 34.6 dB HL, SD: 10.5 dB) were on

average higher than in the Noisy condition (Mean: 26.4 dB HL, SD:

5.7 dB) (effect size r = 0.51, 95% CI: 0.47 to 0.56). This suggests

that, within the context of the JHC application, there is no evidence

to support that the low relative levels between the hearing threshold

and the ambient noise lead to an elevation in hearing thresholds.

For the matched conditions, the average threshold level in the

Quiet condition was 47.1 dB HL (SD: 14.3 dB), whereas for the

Noisy condition, the thresholds averaged 25.2 dB HL (SD: 4.6

dB). Specifically, all hearing threshold pairs with levels above 55

dB HL included thresholds that were at least 10 dB above the

average frequency band noise level. Consequently, for hearing loss

exceeding 55 dB HL (moderately severe and severe hearing loss),

no threshold was classified in the Noisy condition. For hearing

thresholds between 40 and 55 dB HL (moderate hearing loss),

99.1 % were classified in the Quiet condition. Within this hearing

range, the absolute test-retest threshold differences did not show

statistically significant differences between the Quiet (Mean: 2.6

dB HL, SD: 2.5 dB) and Noisy conditions (Mean: 2.7 dB HL, SD:

2.5 dB) (p > 0.05). Regarding threshold pairs with levels below

40 dB HL, 65.7% were recorded in the Quiet condition, while the

remaining 34.3% were recorded in the Noisy condition. Again,

for levels below 40 dB HL (mild hearing loss), no statistically

significant difference was observed between absolute test-retest

threshold differences in Quiet (Mean: 3.6 dB HL, SD: 3.6 dB)

and Noisy conditions (Mean: 2.9 dB HL, SD: 2.8 dB) (p > 0.05),

while absolute thresholds measured in the Quiet condition were

on average higher (Mean: 30.1 dB HL, SD: 4.5 dB) than those

in Noisy conditions (Mean: 25.6 dB HL, SD: 4.2 dB). Figure 4

illustrates the test-retest absolute threshold differences between

the initial test and retest sessions across frequencies. Results for

individual frequencies were consistent with the overall findings.

Absolute differences between Quiet and Noisy conditions were not

statistically significant (minimum p>0.05). Analysis at 12,000Hz

was excluded due to the small number of thresholds classified

as Noisy, with only 11 instances, compared to 1,121 for the

Quiet condition, rendering them insufficient for a robust analysis.

Overall, the analysis of the effect of ambient noise on test-retest

reliability reveals no clinically significant differences in hearing

thresholds across Quiet and Noisy conditions, with consistent

findings across frequencies and threshold levels.

4 Discussion

The rationale of the current study was based on the

consideration that real-life, home-based audiometry using JHCwas

performed under variable conditions, which are different from the

controlled conditions, in which test-retest reliability studies are

typically performed. Therefore, ambient noise conditions during

hearing tests reflect the real-life, variable noise conditions under

which the JHC application is typically used. The hearing test

results were stored in the JEC database and were filtered to

exclude potentially distorting factors, such as incomplete sessions,

unreliable measurements, and a limit to the sessions included by

each user. Our goal was to reduce any potential bias that may

be a side effect of the uncontrolled condition and that could

compromise the validity and robustness of our results. Hence, our

filtering decisions were guided by usability and audiological factors.

Our study findings showed a strong correlation of rs = 0.85

(Spearman’s r from 0.75 to 0.92 across frequencies) between test-

retest thresholds measured using the JHC application. Previous

studies that used a controlled setup to evaluate test-retest reliability

of automated audiometry reported similar values. Specifically,

Colsman et al. (2020) showed a correlation of rs = 0.83, ranging

from 0.73 to 0.92 across frequencies, for test-retest thresholds

measured outside the sound-booth. In a clinical setting, Swanepoel

et al. (2010) reported a Pearson’s correlation of rp = 0.75 for test-

retest thresholds of automated audiometry in a normal-hearing

group. Additionally, Spearman’s rank correlations for test-retest
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FIGURE 4

Absolute test-retest threshold di�erences for each audiometric frequency depending on ambient noise conditions. The Noisy condition refers to
threshold pairs in which at least one measurement is conducted in a threshold-to-noise ratio of 10 dB or below. Threshold pairs in the Quiet
condition have a threshold-to-noise ratio above 10 dB. The box plots display the median and interquartile ranges, while mean values are denoted
with the “×” symbol. Legend values inside the parentheses indicate the number of samples in thousands included in each condition.

thresholds in automated audiometry range from 0.87 to 0.98 across

frequencies by Convery et al. (2015) and from 0.55 to 0.83 across

frequencies by Brittz et al. (2019).

Typical pure-tone air conduction test–retest differences have

been shown to range from 5 dB to 10 dB (Stuart et al., 1991;

Peterson and Bell, 2008). In the JEC dataset, the 74.2% and 89.6%

of test-retest differences were within 5 and 10 dB, respectively.

Similar results were reported in a controlled experiment, namely

73.3% and 94.5% within 5 dB and 10 dB, respectively (Serpanos

et al., 2022). In our study, the mean absolute difference of test

and retest thresholds was 4.7 dB, ranging from 3.7 dB and 6.3

dB across frequencies, and the median absolute difference was 3.3

dB. Our results show similarity to results from studies conducted

in controlled environments, including the ranges reported by

Serpanos et al. (2022) (range 3.4–6.8 dB), and by Colsman et al.

(2020) (range 3.3–5.0 dB).

An overall SD of 7.5 dB was observed between test and retest

thresholds. Previous studies have reported SD that range between

3.3 dB and 5.9 dB (Maclennan-Smith et al., 2013), 4.4 dB and 6.3 dB

(Serpanos et al., 2022), and 5.4 dB and 6.6 dB (Stuart et al., 1991).

Furthermore, a meta-analysis by Mahomed et al. (2013) noted a SD

of 6.9 dB for automated audiometry. It is important to note that

outliers can significantly affect the SD in such datasets (Storey et al.,

2014). In our real-world dataset, the presence of outliers is reflected

in the increased SD, compared to the narrower ranges reported in

other studies. However, the JEC dataset showed a median absolute

deviation of 3.3 dB, which aligns with the deviations reported in

the existing literature (Mahomed et al., 2013; Convery et al., 2015;

Brittz et al., 2019; Colsman et al., 2020; Serpanos et al., 2022). The

above points indicate that the test-retest reliability results in the JEC

dataset align with the results reported in the literature.

We examined how environmental noise might interact with

hearing test outcomes in DuoTone audiometry by analyzing

the test-retest reliability of measurements depending on their

noise category. Absolute test-retest threshold differences did

not show clinically significant variations between the Quiet and

Noisy conditions. In our test-retest analysis, when excluding

measurements at 12,000Hz, we identified 7,000 threshold

pairs corresponding to the Quiet condition and 1,289 pairs

corresponding to the Noisy condition. Noisy test-retest threshold

pairs form a minority (13.8%) of the analyzed pairs and they

mainly correspond to normal to mild hearing loss thresholds. Such

distribution is expected because the noise monitoring mechanism

requires the ambient noise level to be sufficiently low before starting

a threshold measurement. Also, higher test-retest thresholds are

less likely to be assigned to the Noisy category—due to the relative

definition of the category. Furthermore, data corresponding to

lower stimulation levels in the presence of masking noise was

previously discarded by the JHC automated procedure for rejecting

measurements prior to a possible inclusion in the JEC database.

The noisy measurements that remain in our analysis lie at the

decision boundary of the rejection mechanism, and our test-retest

analysis suggests they do not differ from measurements in Quiet

in terms of reliability. Our analysis suggests that JHC noise

monitoring and noise rejection mechanisms effectively only allow

measurements whose reliability is not affected by ambient noise.

The joint implementation of continuous noise monitoring and

noise-rejection procedures in the JHC application had originally

been motivated by audiological prior knowledge regarding tone

masking, to allow novel use cases of the application in real-world

settings. As an extension to this work, we aim at fine-tuning both

procedures based on the data collected in JHC to improve the

test-retest reliability while minimizing test time, in particular when

noise is detected while the subject undertakes the test. For instance,

the DuoTone procedure may use a different number of reversals

to determine hearing thresholds, or the noise rejection procedure

can be adjusted to be more restrictive or lenient, depending on the

ambient noise environment and the dynamics of the user answers.

Such fine-tuning may require the collection of additional data from

hearing test sessions. For instance, measurements discarded by
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the noise rejection mechanism can be synchronized to JEC for

further analysis.

Finally, the reliability analysis presented here may complement

a future analysis that would compare the thresholds obtained

by JHC users in real-world settings with clinical audiometry

conducted in a controlled sound-proof environment. While a study

involving controlled measurements cannot be easily scaled up to

the number of users, we have been able to analyze in the present

work, it may provide additional insights regarding automated

hearing tests in real-world conditions.

5 Limitations

This study utilizes a dataset of real-world audiometric data,

providing valuable insights into hearing assessments at home using

a smartphone. Despite the insights gained, the current analysis

encounters limitations due to the inherent uncontrolled nature of

our data collection.

One limitation is that the current study does not account

for variables typically controlled in clinical studies, such as

user motivation, levels of distraction, understanding of the test

procedure, and compliance to instructions. However, it might

be questioned whether such factors play a crucial role as test-

retest reliability showed no systematic effect. User experience

design of the hearing test application can help mitigate the lack

of direct monitoring by a test leader. For instance, the hearing

test application includes a mandatory interactive tutorial to make

sure the user understands the hearing test interaction. In future

studies, such an analysis may enhance the depth of findings and

facilitate the development of methods to better detect unreliable

test results.

Another limitation lies in the determination of the ambient

noise environment. Our study assessed the impact of frequency

masking on tone detection; inevitably, if the noise in the frequency

band around the test tone is louder than the test tone, the

test should be discontinued. Potential distractions caused by

noises at other frequencies are ignored. Additionally, the analysis

of the effect of ambient noise was performed for frequencies

within the 125–8,000Hz range, while it could not extend to the

12,000Hz frequency, due to insufficient data in Noisy condition.

We categorized conditions as Quiet or Noisy based on the average

ambient noise level during each threshold measurement. This

approach aimed to simplify the analysis and enhance both the

clarity and the interpretability of the results. In future research,

we may enrich and refine the definition of the ambient noise

categories, to more comprehensively capture the variability of

ambient noise measurements. For example, it would be useful to

explore the effect of transient noises by analyzing the effect of noise

on individual test trials, offering a more detailed understanding of

ambient noise effects on audiometric testing. Finally, while noise

monitoring is performed in this study using the iPhone device

bottom internal microphone independently of the ear tested, we

could take advantage of more recent earphone designs that include

microphones at ear level or even close to the ear canal. Another

possible limitation concerns the verification of the transducers

used with the JHC application. Although the JHC application

requires users to confirm that each test is performed by the

same individual, there was no definitive method to verify this.

The study also could not confirm the type of transducer used,

despite numerous reminders that the application is calibrated for

use with the wired Apple EarPods. These limitations highlight

the need to incorporate some kind of automated user and

transducer identification technologies to enhance data reliability

and validity.

6 Conclusion

In this study, we examined the impact of ambient noise on the

test-retest reliability of audiometric results obtained through the

Jacoti Hearing Center (JHC) application for remote and automated

hearing assessment. Our analysis revealed the JHC application

demonstrated an average absolute deviation of 5 dB of test-retest

thresholds and a median absolute deviation of 3.3 dB, supported by

strong correlations. Pure Tone Average deviated by <5 dB for all

degrees of hearing loss. No clinically significant effects of ambient

noise were observed for thresholds determined between 20 and

75 dB HL. Our findings highlight the potential of home-based

audiometric testing, reinforcing the idea that, with continuous

noise monitoring and noise-aware control of the procedure, remote

audiometry can be reliable even in non-ideal acoustic conditions.

The ability to collect hearing test and noise data in an uncontrolled

but monitored setting offers unique prospects for iteratively

improving a remote-based solution. This emphasizes the relevance

and applicability of home-based audiometric testing as a key

component in supporting the advancements of self-fitting in OTC

hearing aids.
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