:' frontiers ‘ Frontiers in Neuroscience

‘ @ Check for updates

OPEN ACCESS

Agnieszka J. Szczepek,
Charité Universitatsmedizin Berlin,
Germany

Samantha Govender,

Sefako Makgatho Health Sciences
University, South Africa

Stavros Hatzopoulos,

University of Ferrara, Italy

Xinxing Fu
Xinxing.fu@research.uwa.edu.au
Yao Wang
wangyao_show@163.com

This article was submitted to
Perception Science,

a section of the journal
Frontiers in Neuroscience

05 August 2022
20 September 2022
11 October 2022

Liu H, Du B, Liu B, Fu X and Wang Y
(2022) Clinical comparison of two
automated audiometry procedures.
Front. Neurosci. 16:1011016.

doi: 10.3389/fnins.2022.1011016

© 2022 Liu, Du, Liu, Fu and Wang. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided
the original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Frontiers in Neuroscience

Original Research
11 October 2022
10.3389/fnins.2022.1011016

Clinical comparison of two
automated audiometry
procedures

Hui Liu*2?, Bingqging Du??, Bo Liut?, Xinxing Ful234* and

Yao Wang56*

!Department of Otolaryngology, Head and Neck Surgery, Beijing Tongren Hospital, Capital Medical
University, Beijing, China, 2Beijing Institute of Otolaryngology, Beijing, China, *Medical School,

The University of Western Australia, Crawley, WA, Australia, “Ear Science Institute Australia, Subiaco,

WA, Australia, °School of Life Sciences, Tiangong University, Tianjin, China, *School of Precision
Instruments and Optoelectronics Engineering, Tianjin University, Tianjin, China

Objective: Automated pure-tone audiometry has been shown to provide
similar hearing threshold estimates to conventional audiometry, but lower
correlations were reported at high and low frequencies in audiometric tests
than those of manual tests, while the correlations were better in the middle
frequencies. In this paper, we used the same equipment and different test
procedures for automated testing, and compared the results with manual test
results.

Design: One hundred subjects aged 18—-36 years were randomly divided into
two groups to perform air-conduction pure-tone audiometry (0.25, 0.5, 1, 2, 4,
8 kHz) using the ascending and shortened ascending protocols built-in to the
automated audiometer, respectively. Recorded testing time, the total number
of responses and the subject’s preference tests were compared with those
of manual tests.

Results: Significant difference was found at 250 Hz regarding the distribution
of the absolute difference between the two automated and the manual
thresholds. The testing time spend in the ascending method (9.8 + 1.4 min,
mean £ SD) was significantly longer than in the shorted ascending method
(5.8 & 0.9 min). The total numbers of responses of the ascending method
(90.5 £+ 10.8 times) and shorted ascending method (62.0 + 114 times)
were significantly different. Finally, no significant difference was found in
preferences between automated and manual procedures.

Conclusion: The shorted ascending method can save lots of testing time.
The difference between the two automated thresholds at 250 Hz is caused
by the different test procedures, and the difference at 8,000 Hz between the
automated test and the manual test can be due to the transducer types and
allowable differences in calibration.

automated audiometry, audiometry, KUDUwave, ascending method, shortened
ascending method
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Introduction

More than 1.5 billion people worldwide are living with some
degree of hearing loss, equivalent to 20% of the total population.
At least 430 million of them have moderate or higher levels
of hearing loss, also known as disabling hearing loss (World
Health Organization [WHO], 2021). In China, according to the
results of the Second National Sample Survey on Disability,
27.8 million people had hearing disabilities, of which 20.04
million people were suffering from hearing disability alone
and 7.76 million were suffering from multi-disabilities (Xi-bin
et al.,, 2008). Given the large number of people with hearing
loss, China is experiencing an extreme lack of experts who
can provide high-quality hearing services (Chadha et al,, 2021).
Currently, only 10,000 audiologists provide hearing services for
1.37 billion people in China (1:137000) (Chung et al., 2014).

Pure-tone audiometry is the gold standard for a clinical
hearing assessment. For many years, pure-tone audiometry
has always relied on traditional manual audiometry. However,
pure-tone audiometry is a test based on sequence and step
inspection, which is particularly suitable for the automation
(Margolis and Morgan, 2008). Automation is a powerful enabler
for alternative diagnostic pathways, which can reduce testing
costs without trained audiologists (Eksteen et al.,, 2019) and
testing outside a sound booth (Brennan-Jones et al., 2016; Magro
et al,, 2020), and potentially benefit people with hearing loss in
remote and economically underdeveloped areas (Visagie et al.,
2015; Sandstrom et al., 2020), to address the global need for an
accessible hearing loss diagnosis (Swanepoel et al., 2019; Sidiras
etal., 2021; Wasmann et al., 2022).

There is a high correlation between the manual and
automated pure-tone audiometry, with an overall average
difference of 0.4 £ 6.1 dB regarding the air conduction
threshold (Mahomed et al., 2013). However, lower correlations
in automated thresholds at high (6,000 or 8,000 Hz) and low
(250 or 500 Hz) frequencies were reported in previous studies.
Compared with the standard methods, the threshold difference
varied from 8.7 to 17 dB at the low or high-frequency points,
significantly higher than those at overall frequencies (Abu-
Ghanem et al., 2016; Brennan-Jones et al., 2016; Corry et al.,
2017; Sandstrom et al,, 2020). In the studies of automated
audiometry, the explanation of this phenomenon varied due to
different testing environments and different types of equipment.
The differences in low frequencies were interpreted as the effect
of ambient noise levels and suboptimal fitting of the earphones
(Abu-Ghanem et al, 2016; Corry et al,, 2017), whereas the
differences in high frequencies were susceptible to variations
in the coupling of headphones or earphones and individual
physiological differences (Brennan-Jones et al, 2016; Corry
et al, 2017; Sandstrom et al.,, 2020). However, there are no
reports on whether such variability is due to the difference in
automated audiometry procedures.

Frontiers in Neuroscience

02

10.3389/fnins.2022.1011016

There are three methods for automated measurement of
pure-tone thresholds: the automated method of adjustment,
the automated method of limits, and the automated adaptive
method (Jerger, 2018). According to a scoping review, in the
last decade, about 74% of published studies on automated tests
utilized the modified Hughson-Westlake procedure, which is
based on the classical method of limits (Wasmann et al., 2022).
Two kinds of threshold-seeking procedures were recommended
in the modified Hughson-Westlake protocol by ISO 8253-
1:2010, i.e., ascending and shortened ascending procedures.
The ascending procedure stipulated that when three reactions
occurred at the same test sound level during a maximum
of five ascents, then this sound level was determined as the
hearing threshold level. For the shortened ascending method,
the hearing threshold level was identified as at least two
reactions that occurred at the same level out of three ascents. In
the current literature, some automated tests use the shortened
method, and some studies do not specify the test method. In
ISO 8253-1-2010, it is stated that the shortened and ascending
method can obtain almost identical results. The guidelines do
not state whether the same consistent results can be obtained
when using both methods for automated testing. In manual
testing, the shortened method can be used for special subjects,
such as those who cannot concentrate for long periods of time,
where the test time is more important than the reliability of the
threshold.

In clinical testing, the subject’s response profile is complex
and variable. During manual testing, an experienced audiologist
will make observations of the subject’s behavior. Whether the
ascending or the shortened ascending method is used, the
audiologist will guarantee the reliability of the test results.
However, in the programmed automated test, although the
correlation between the results of the automated and the manual
test, in terms of the overall (average of the hearing thresholds
for all frequencies), was good; the correlation was poor in
the lower and higher frequencies. There are no clinical data
on whether the use of the shortened ascending method in
automatic testing will sacrifice reliability at certain frequencies.
In this study, two automated audiometry protocols, ascending
and shortened ascending methods, were used to compare the
results with manual audiometry, respectively, to observe the
correlation between the two methods at all testing frequencies
and to investigate the effect of different automated methods on
the test results.

Materials and methods

Subjects

One hundred normal hearing participants (56 females)
ranged 18-36 years (median age was 27 years) from the
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Otolaryngology Clinic of Beijing Tongren Hospital were
recruited in this study. The inclusion criteria were: (World
Health Organization [WHO], 2021) aged 18 years or above,
(Xi-bin et al., 2008) no known cognitive disorder, (Chadha
et al, 2021). Mandarin as a first language, (Chung et al., 2014)
four-frequency average (500, 1,000, 2,000, and 4,000 Hz) air-
conduction thresholds of both ears <15 dB HL, (Margolis and
Morgan, 2008) normal otoscope examination. This study was
approved by the Ethics Committee of Beijing Tongren Hospital,
Capital Medical University. The participants all provided
written informed consent before the test.

Equipment

The clinical diagnostic audiometer (Otometrics Conera)
was used for the manual pure-tone hearing threshold test with
TDH-39 supra-aural earphones. The calibration was conducted
according to ISO 389-1: 2017. Automated audiometry was
the KUDUwave (GeoAxon,
South Africa) audiometer, which used insert earphones for

conducted using Pretoria,
air conduction thresholds testing. The circumaural headphones
of KUDUwave are placed above the insert earphones to increase
the attenuation of ambient sound, meanwhile, the audiometer
monitors background noise levels via an external microphone
(outside of the circumaural headphone cup) and an internal
microphone (inside of the circumaural headphone cup) to
ensure testing compliance (Swanepoel de et al., 2010). As noted
by Storey et al. (2014), with this combination of attenuation
and monitoring, patients can be reliably tested to —10 dB
HL at 55 dB ambient noise and to 0 dB HL at 70 dB ambient
noise. The KUDUwave was connected to the computer through
the USB port, and the test process was controlled by the
software installed in the notebook computer. The KUDUwave
was measured and calibrated before use in accordance with
ISO 389-2: 1994. All tests were carried out in an American
National Standards Institute (ANSI) certified double-walled
sound-treated booth.

Test methods

The otoscope examination, tympanic admittance
measurement and manual air conduction hearing threshold test
were performed for all participants. The participants who met
the inclusion criteria were numbered in the order of 1-100, the
participants with odd numbers were tested by the ascending
program (Group A) for automated testing, and even-numbered
participants were tested by the shortened ascending program
(Group S) for automated testing.

The manual audiometry was conducted by an audiologist
with at least 30 years of testing experience. The test requirements

were fully explained to the participant before the test. The
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participants were asked to quickly press and release the response
button whenever the tone is heard in either ear, no matter
how faint it may be. After the participants fully understood
the test requirements, they wore air conduction headphones,
and the hearing thresholds were determined according to the
standard clinical procedure (modified Hughson-Westlake, ISO
8253-1). The test frequency was at octave frequencies from
250 to 8,000 Hz.

The automated test process was completed by an
undergraduate student in audiology. The participants were
informed of the test process and requirements, which were
the same as the manual test. Insert earphones were deeply
inserted and the end of the insert foam tips were flush with
the opening of the external auditory meatus. The circumaural
earcups of KUDUwave were placed over insert earphones to
increase the attenuation of environmental sound, and ensured
comfort and stability. The conditioning page interface was
presented to play stimulus to the participant and observe
the response time. After the subject fully understood the test
requirements, the automated test was started to determine the
hearing thresholds. The test frequency was at octave frequencies
from 250 to 8,000 Hz.

The ascending and shortened ascending procedures of the
KUDUwave automated test program were adopted. The initial
intensity of each frequency was 30 dB HL, and the sound
duration lasted for 1,000 ms. A valid response was considered
as pressing the response button within 2,500 ms after delivering
the pure tone, or it will be marked as a false positive response
by KUDUwave. After the test, KUDUwave automatically reports
the percentage of false positives, the number of times the subject
responded to the pure tone and the response time the subject
pressed the response button after the pure tone is delivered.
A detailed description of the automated and manual protocols
was listed in the (Supplementary Table 1).

The test time required for manual testing and automated
testing was manually recorded and compared. The time
for explaining test requirements, wearing headphones, and
familiarizing with the sound test process were not included in
the recorded test time. The participants were asked about their
preference for manual and automated testing methods after
the test finished, preferred the automated test, preferred the
manual test, or had no preference. To avoid differences in the
background noise of the test environment from affecting the
test results, all manual and automated tests were conducted in
one sound booth.

Data processing

Descriptive measures illustrated the difference between the
thresholds of manual and automated audiometry, described as
mean =+ SD. The test time required for manual and automated
audiometry and the total number of reactions were described
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as mean £ SD. The preference for the test methods was
described as a percentage. A paired t-test was employed across
the frequencies of 250-8,000 Hz to test whether there is a
significant difference between the thresholds of manual and
automated audiometry. Comparisons between Groups A and S
were evaluated using independent t-tests, including the testing
time and the total number of reactions. The chi-squared test is
used to determine whether there is a significant difference in
the distribution of the difference of threshold between Groups
A and S. The chi-squared test is also used to test the difference
in the participants’ preference for two automated procedures.
An ANOVA test was conducted to test the effect of gender
and age on the thresholds of the pure tone audiometry. All
statistical analyses were performed by SPSS 25 (SPSS Inc.,
Chicago, IL, USA). A p-value of less than 0.05 was considered
statistically significant.

Results

In order to compare the automated and manual test
results, the difference values were calculated between clinical
audiometer thresholds and the KUDUwave thresholds for the
two automated procedures. As shown in Table 1, the two
automated test methods were more accurate at the range of
500 to 4,000 Hz, while the accuracy at 250 and 8,000 Hz were
poor. Nevertheless, the automated thresholds at all frequencies
had a good correlation with the manual thresholds at all
frequencies.

The distribution of the absolute difference between the
manual and the automated thresholds was shown in Figure 1.
Only a significant difference was found at 250 Hz (p = 0.002),
the number of thresholds difference within 5 dB in Group S
was higher than that in Group A, while the number of threshold
differences within 0 dB in Group S was less than that in Group A.
The correlation of the automated thresholds at 8,000 Hz between
the two groups was low, and the percentage compared with
the manual test results less or equal to 5 dB was smaller than
that at other frequencies. However, no statistical difference was
observed between the two groups at 8,000 Hz.

The differences in test time, participants’ preferences, and
the total number of reactions between the two automated
groups were listed in Table 2. The automated test time in
Group S was significantly shorter than in Group A (Group A:
9.8 + 1.4, Group S: 5.8 & 0.9, p < 0.001). Accordingly, the
total number of reactions in Group S was also less than in
Group A, because Group S used shortened ascending method.
Most of the participants did not favor automated tests, and
the main feedback was that the headphones of the automated
audiometer were heavier, especially in Group A, because the test
time was much longer than in Group S. However, no significant
difference existed in preference between automated and manual
procedures.
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In addition, we analyzed the effect of gender and age on
the results of the automated test. According to the ANOVA
test, no significant differences between automated and manual
audiometry thresholds were found regarding the gender or
age of the subjects, the results were listed as (Supplementary
Table 1).

Discussion

In this study, we tested two automated audiometry
procedures, ascending and shortened ascending methods,
and compared the automated thresholds with manual test
results. Similar to previous reports, the automated audiometry
correlated well with the manual test. However, we found lower
correlation at 250 and 8,000 Hz than at the other frequencies.
thresholds
procedures showed a greater variation at 8,000 Hz compared to

Hearing obtained from two automated
manual tests. There were a larger number of hearing threshold
differences of 10 dB or above at 8,000 Hz. Other studies also
reported higher mean threshold differences for automated
tests at 8,000 Hz than other frequencies (Storey et al., 2014;
Brennan-Jones et al., 2016; Barbour et al., 2019; Sandstrom et al.,
2020). The reason for this is likely to be systematic differences
in transducer types, and allowable differences in the calibration
(Sandstrom et al., 2020). The use of insert earphones may have
introduced additional variation at high frequencies compared
to supra-aural headphones (Brennan-Jones et al, 2016). In
this study, the insert earphones were used for the automated
test and supra-aural headphones for the manual test. Although
thresholds obtained from two automated procedures showed
greater variations at 8,000 Hz, compared with the manual test,
there was no significant difference between the two automated
thresholds. Therefore, it was considered that the variation at
8,000 Hz was due to the difference in transducer types.

Hearing thresholds obtained at 250 Hz also showed a
greater variation between automated and manual audiometry.
It was thought to be possibly due to the non-sound treated
environments or to the suboptimal fitting of the insert
earphones (Abu-Ghanem etal., 2016; Corry et al., 2017; Barbour
et al., 2019; Sandstrom et al., 2020). However, this did not
explain the variation at 250 Hz in this study. Both the manual
and automated audiometry were tested in a soundproof room,
and circumaural headphones were placed above the insert
earphones to increase the attenuation of ambient sound when
tested for automated audiometry. More than 40% of thresholds
difference at 250 Hz in Group A were equal to 0 dB, compared
with only 20% in Group S. It is possible that low-frequency
tone is not easily recognized by human ears and requires
more attention to obtain an accurate threshold. The ascending
method used in Group A, which presented more tones than
Group S, facilitated the reliable hearing threshold at 250 Hz. The
difference at 250 Hz between the two automated procedures was
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TABLE 1 The difference and correlations between manual and automated audiometry thresholds.

10.3389/fnins.2022.1011016

Hz 250 500 1,000 2,000 4,000 8,000
Ascending method

M difference in dB (SD) —3.52(4.77) —0.46 (5.08) 0.61 (4.14) —0.46 (5.18) 2.04 (4.97) 5.61(6.27)
Abs M difference in dB (SD) 4.03 (4.35) 3.32(3.86) 2.76 (3.14) 3.83 (3.50) 4.08 (3.47) 6.63 (5.17)
Correlations 0.88 0.89 0.96 0.95 0.96 0.95
Shortened ascending method

M difference in dB (SD) —4.26 (4.12) —1.02 (5.09) —0.17 (4.32) —0.68 (5.42) 0.80 (5.14) 6.99 (7.49)
Abs M difference in dB (SD) 4.94 (3.26) 3.75 (3.58) 2.78 (3.29) 4.09 (3.60) 3.75 (3.58) 8.01 (6.37)
Correlations 0.91 0.90 0.95 0.95 0.95 0.95

M difference: the average value of the difference between the manual and the automated thresholds (manual minus automated values); Abs M difference: the average of the absolute value

of the difference between the manual and the automated threshold; Correlation: the correlation coefficients between manual and automated test results.

p=0.002** p=0.705 p=0.737  p=0.942 p=0.855  p=0.157
100- 1 1 I 1 I 1 I 1 I 1 1 1
= >10 dB
90_ ................................................................. 10 dB
80_ ........................................................................ -
70_ ........................................................................ - 5 dB
mm 0dB

%

S A S A S A s A s A s A
250Hz ~ 500Hz  1000Hz  2000Hz  4000Hz  8000Hz
Frequencies

FIGURE 1

Distribution of the absolute differences between each type of automated test threshold (Groups A and S) and the manual test threshold at each
frequency. Asterisk values indicate a statistically significant difference with a p-value less than 0.05. S, shortened ascending method;

A, ascending method.

TABLE 2 Differences in test time, preference on the testing methods, and the total number of reactions between Groups A and S.

Testing time (min) Preference (%) Total number of reactions

Automated Manual Automated Whatever Automated
Group S 584 0.9 316 21.1 474 62.0+11.4
Group A 9.8+ 14 36.7 163 46.9 90.5410.8
P-values P <0.001* p=0.795 P <0.001*

Asterisk values indicate a statistically significant difference with a p-value less than 0.05.

an intriguing issue which could be explored in further research
in the field of automated audiometry.

In this study, both the testing time and the total number
of reactions in Group S were significantly lower than those
in Group A. The long-time testing would also aggravate the
uncomfortable feelings of the subjects. Participants who were
more willing to accept the manual audiometry most had a longer
testing time, and they felt ear stuffy from insert earphones
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or heaviness from earphone cups. In a previous study (Storey
et al., 2014), subjects also reported discomfort from the weight
and pressure of the headset over time. In this study, only air
conduction thresholds were performed, and it would have taken
longer if the bone conduction had also been measured.
Although the correlation was lower at low and high
frequencies than at medium frequencies, these errors were
still within acceptable limits when clinically explaining the test
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results. Therefore, in large-scale screening settings, or in some
special populations, such as subjects with short attention spans,
the shortened ascending method should be a better choice
in automated testing. In mass screening and in areas with
inadequate medical facilities, where the testing environment
often does not meet the standard requirements. KUDUwave
has been shown to obtain comparable results to manual testing
in a free-field environment (Visagie et al, 2015), with the
application advance in clinically heterogeneous populations
(Brennan-Jones et al,, 2016), and in bone-conduction test
(Swanepoel de and Biagio, 2011), the automated audiometry
device has great potential for service delivery in low- and
middle-income countries and in rural and remote areas lacking
medical facilities, which is an important direction for our future
research.

Study limitations and future
directions

One of the limitations of this study is that the testing
sequence of the manual and automated methods was not
counter-balanced, the manual testing was conducted firstly,
which could cause an order effect. Secondly, all subjects in
this manuscript were with normal hearing, and the correlation
between the results of the shortened/ascending and manual
method was good, but further research is needed to determine
whether the correlation is still accepted when the automated
hearing test was conducted in people with different degrees
of hearing loss. Thirdly, all the pure tone audiometry tests in
this study were conducted in the sound booth, the subsequent
studies need to be conducted to compare the hearing thresholds
of subjects with different degrees of hearing loss in a non-
isolated environment.

Conclusion

In normal hearing subjects, there is a high correlation
between automated and manual audiometry thresholds, but the
variation was higher at 8,000 Hz. The test time was shorter using
the shortened ascending method than the ascending method,
but the accuracy of the two automated procedures differed
statistically at 250 Hz. A more delicate threshold-seeking, the
ascending procedure, may address this problem when testing
low frequencies.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Frontiers in Neuroscience

06

10.3389/fnins.2022.1011016

Ethics statement

The studies involving human participants were reviewed
and approved by the Beijing Tongren Hospital, Capital Medical
University. The patients/participants provided their written
informed consent to participate in this study.

Author contributions

HL, BL, and XF designed the experiments. HL and BD
carried out the experiments. HL, YW, and XF analyzed the
experimental data. HL wrote the manuscript. XF, BL, and YW
reviewed the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by the Reform and Development
Grant of Beijing Institute of Otolaryngology. The Clinical
Medicine Development of special funding support in Beijing
Tongren Hospital, Capital Medical University (Grant number:
trzdyxzy201802).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnins.2022.1011016/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fnins.2022.1011016
https://www.frontiersin.org/articles/10.3389/fnins.2022.1011016/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2022.1011016/full#supplementary-material
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

Liu et al.

References

Abu-Ghanem, S., Handzel, O., Ness, L., Ben-Artzi-Blima, M., Fait-Ghelbendorf,
K., and Himmelfarb, M. (2016). Smartphone-based audiometric test for screening
hearing loss in the elderly. Eur. Arch. Otorhinolaryngol. 273, 333-339. doi: 10.1007/
s00405-015-3533-9

Barbour, D. L., Howard, R. T., Song, X. D., Metzger, N., Sukesan, K. A,,
DiLorenzo, J. C,, et al. (2019). Online Machine Learning Audiometry. Ear Hear.
40, 918-926. doi: 10.1097/AUD.0000000000000669

Brennan-Jones, C. G., Eikelboom, R. H., Swanepoel de, W., Friedland, P. L., and
Atlas, M. D. (2016). Clinical validation of automated audiometry with continuous
noise-monitoring in a clinically heterogeneous population outside a sound-
treated environment. Int. J. Audiol. 55, 507-513. doi: 10.1080/14992027.2016.117
8858

Chadha, S., Kamenov, K., and Cieza, A. (2021). The world report on hearing,
2021. Bull. World Health Organ. 99:242A-242A. doi: 10.2471/BLT.21.285643

Chung, K., Ma, B. Y., Cui, M. W.-P,, Wang, S.-F,, and Xu, F. J. A. (2014). A
Hearing Report From China. Available Online at: https://www.researchgate.net/
publication/261951251 (accessed September 27, 2022).

Corry, M., Sanders, M., and Searchfield, G. D. (2017). The accuracy and
reliability of an app-based audiometer using consumer headphones: Pure tone
audiometry in a normal hearing group. Int. J. Audiol. 56, 706-710. doi: 10.1080/
14992027.2017.1321791

Eksteen, S., Launer, S., Kuper, H., Eikelboom, R. H., Bastawrous, A., and
Swanepoel, W. (2019). Hearing and vision screening for preschool children using
mobile technology, South Africa. Bull. World Health Organ. 97, 672-680. doi:
10.2471/BLT.18.227876

Jerger, J. (2018). The Evolution of the Audiometric Pure-tone Technique. Hear.
Rev. 25, 12-18.

Magro, 1, Clavier, O., Mojica, K, Rieke, C. Eisen, E., Fried, D,
et al. (2020). Reliability of Tablet-based Hearing Testing in Nicaraguan
Schoolchildren: A Detailed Analysis. Otol. Neurotol. 41, 299-307.
doi: 10.1097/MA0.0000000000002534

Mahomed, F., Swanepoel de, W., Eikelboom, R. H., and Soer, M. (2013). Validity
of automated threshold audiometry: A systematic review and meta-analysis. Ear
Hear. 34, 745-752. doi: 10.1097/01.aud.0000436255.53747 a4

Frontiers in Neuroscience

07

10.3389/fnins.2022.1011016

Margolis, R. H., and Morgan, D. E. (2008). Automated pure-tone audiometry:
An analysis of capacity, need, and benefit. Am. J. Audiol. 17,109-113. doi: 10.1044/
1059-0889(2008/07-0047)

Sandstrom, J., Swanepoel, D., Laurent, C., Umefjord, G., and Lundberg,
T. (2020). Accuracy and Reliability of Smartphone Self-Test Audiometry in
Community Clinics in Low Income Settings: A Comparative Study. Ann. Otol.
Rhinol. Laryngol. 129, 578-584. doi: 10.1177/0003489420902162

Sidiras, C., Sanchez-Lopez, R., Pedersen, E. R., Serensen, C. B., Nielsen, J., and
Schmidt, J. H. (2021). User-Operated Audiometry Project (UAud) - Introducing
an Automated User-Operated System for Audiometric Testing Into Everyday
Clinic Practice. Front. Digit. Health 3:724748. doi: 10.3389/fdgth.2021.724748

Storey, K. K., Munoz, K., Nelson, L., Larsen, J., and White, K. (2014). Ambient
noise impact on accuracy of automated hearing assessment. Int. J. Audiol. 53,
730-736. doi: 10.3109/14992027.2014.920110

Swanepoel de, W., and Biagio, L. (2011). Validity of diagnostic computer-
based air and forehead bone conduction audiometry [Validation Study]. J. Occup.
Environ. Hyg. 8, 210-214. doi: 10.1080/15459624.2011.559417

Swanepoel de, W., Mngemane, S., Molemong, S., Mkwanazi, H., and Tutshini,
S. (2010). Hearing assessment-reliability, accuracy, and efficiency of automated
audiometry. Telemed. ]. E Health 16, 557-563. doi: 10.1089/tmj.2009.0143

Swanepoel, W., De Sousa, K. C., Smits, C., and Moore, D. R. (2019). Mobile
applications to detect hearing impairment: Opportunities and challenges. Bull.
World Health Organ. 97, 717-718. doi: 10.2471/BLT.18.227728

Visagie, A., Swanepoel, D. W., and Eikelboom, R. H. (2015). Accuracy of remote
hearing assessment in a rural community. Telemed. J. E Health. 21, 930-937.
doi: 10.1089/tmj.2014.0243

Wasmann, J. W., Pragt, L., Eikelboom, R., and Swanepoel, W. (2022). Digital
Approaches to Automated and Machine Learning Assessments of Hearing:
Scoping Review [Review]. J. Med. Internet Res. 24:¢32581. doi: 10.2196/32581

World Health Organization [WHO] (2021). WHO: 1 in 4 People Projected to
Have Hearing Problems by 2050. Geneva: World Health Organization.

Xi-bin, S., Li-mei, Y., Cheng-yi, Q., Wei, L., Qi, W., and Zhi-yun, W. (2008). An
epidemiological study on the hearing-impaired population identified in China and
proposed intervention strategies. Chin. Sci. J. Hear. Speech Rehabil. 2, 21-24.

frontiersin.org


https://doi.org/10.3389/fnins.2022.1011016
https://doi.org/10.1007/s00405-015-3533-9
https://doi.org/10.1007/s00405-015-3533-9
https://doi.org/10.1097/AUD.0000000000000669
https://doi.org/10.1080/14992027.2016.1178858
https://doi.org/10.1080/14992027.2016.1178858
https://doi.org/10.2471/BLT.21.285643
https://www.researchgate.net/publication/261951251
https://www.researchgate.net/publication/261951251
https://doi.org/10.1080/14992027.2017.1321791
https://doi.org/10.1080/14992027.2017.1321791
https://doi.org/10.2471/BLT.18.227876
https://doi.org/10.2471/BLT.18.227876
https://doi.org/10.1097/MAO.0000000000002534
https://doi.org/10.1097/01.aud.0000436255.53747.a4
https://doi.org/10.1044/1059-0889(2008/07-0047)
https://doi.org/10.1044/1059-0889(2008/07-0047)
https://doi.org/10.1177/0003489420902162
https://doi.org/10.3389/fdgth.2021.724748
https://doi.org/10.3109/14992027.2014.920110
https://doi.org/10.1080/15459624.2011.559417
https://doi.org/10.1089/tmj.2009.0143
https://doi.org/10.2471/BLT.18.227728
https://doi.org/10.1089/tmj.2014.0243
https://doi.org/10.2196/32581
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Clinical comparison of two automated audiometry procedures
	Introduction
	Materials and methods
	Subjects
	Equipment
	Test methods
	Data processing

	Results
	Discussion
	Study limitations and future directions
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


