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Abstract

Objective: To establish the reliability and validity of a computerized self-administered hearing test. Design: Cross-sectional within a comparative study of subjects. Study sample:
Subjects were 100 Chinese adults who attended the audiology clinic in a hospital for a hearing test. Results: There was no significant difference in the thresholds of unmasked
air-conduction hearing obtained with the computerized self-administered hearing test via a smartphone and those obtained with standard pure-tone audiometry. High test-retest
reliability was observed with the self-administered hearing test (intraclass correlation coefficient = 0.95), and was comparable with that observed in standard pure-tone audio-
metry (intraclass correlation coefficient = 0.97). The thresholds of the self-administered hearing test measured in a sound-proof booth were not significantly different from those
measured in a quiet office room. Conclusions: The results suggest that the computerized self-administered hearing test is a reliable and valid measure of unmasked air-conduction

hearing thresholds.
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Hearing loss is an important public health problem because of its
disabling consequences. Hearing is essential for daily communica-
tion and social interaction. Depending on its degree of severity, hear-
ing impairment may negatively affect physical, cognitive, behavioral,
and social functions, work productivity, and even general quality
of life. Hearing loss has been estimated to be the most prevalent
disability in developed countries (Davis, 1997). In 2003-04, 16.1%
of US adults (29 million Americans, aged 20-69 years) had speech-
frequency (500, 1000, 2000, and 4000 Hz) hearing loss (Agrawal
et al, 2008). About 16% of UK (Davis, 1989) and 17% of Italian
adults (17-80 years old) (Quaranta et al, 1996) have a =25-dB hearing
level (HL) impairment in both ears or in the better ear. Many of these
people are unaware that they have suffered a decrease in hearing
sensitivity. Unfortunately, few people undergo regular or frequent
hearing tests as a part of their routine health care, partly because
of the lack of a simple, convenient, and inexpensive hearing test
(Margolis & Morgan, 2008), and some may not have even thought
about taking a hearing test in their life-time. Failure to recognize the
hearing loss and institute appropriate intervention may worsen its
impact (Brink & Stones, 2007; Chia et al, 2007; Dalton et al, 2003).
The economic, social and educational opportunity loss, due to unat-
tended hearing loss, can be reduced or avoided by early detection
and intervention.

Pure-tone audiometry is by far the most common form of hearing
measurement. It is typically conducted by audiologists or trained
health care professionals in a sound booth. However, such audiological

services may not be readily accessible in areas where professional
staff and/or audiological equipment are not available. Most patients
who undergo pure-tone audiometry should be able to follow instruc-
tions and provide responses to automated procedures (Margolis &
Morgan, 2008). By implementing an automated self-administered
hearing test, more patient-contact time could be made available for
professional staff to conduct sophisticated tests and manage patients
who are difficult to test (Margolis & Morgan, 2008). Recently, many
studies have been carried out to validate automated audiometry (Ho
et al, 2009; Ishak et al, 2011; Margolis et al, 2010, 2011; Margolis &
Moore, 2011). However, in most cases, such automated tests did not
alleviate the problem of availability of audiological equipment and
test settings (typically a sound booth or sound-treated room).
Another way of increasing accessibility of hearing tests to the
general public is to use personal computers and smartphones as the
test media. With the vigorous growth in penetration rate of smart-
phones, automated hearing tests in the form of mobile apps have
become more popular. However there is a lack of validation and data
supporting their use (Coleman, 2011). Our research team has devel-
oped a computerized self-administered hearing test which can be
used with everyday electronic audio devices such as computers and
smartphones. The aims of this investigation were to provide an easier
and more accessible means for people to take a valid hearing test,
so that they can learn more about their hearing status and be alerted
when it is time to seek professional advice for their hearing problem.
This study, therefore, investigated the validity and reliability of the
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computerized self-administered hearing test in a sound booth and the
feasibility of conducting such tests in non-sound-proof settings.

Materials and Methods

Procedures

All potential subjects first completed a routine audiological assess-
ment in a sound-proof booth at the Audiology Clinic of the Prince
of Wales Hospital, where standard pure-tone audiometry and an
otoscopic examination were performed. The audiometry thresholds
were measured according to the procedures recommended by the
British Society of Audiology (British Society of Audiology, 2004).
Air-conduction thresholds were obtained at 250, 500, 1000, 2000,
4000, and 8000 Hz, and bone-conduction thresholds at 500, 1000,
2000, and 4000 Hz were also obtained using a Grason-Stadler GSI
61 clinical audiometer with Telephonics TDH-50 headphones. All
transducers were calibrated in accordance with ANSI S3.6-2004
(American National Standards Institute, 2004). Subjects were invited
to participate in the study if the following inclusion criteria were
met. These were: (1) age over 18 years; (2) air-conduction thresh-
olds at all octave frequencies tested (250-8000 Hz) were within the
range of the self-administered hearing test, that is, with no more than
55 dB HL loss; and (3) good oral communication abilities and the
ability to understand and give informed consent. The subjects then
attended a 30-minute test session in a sound booth. After obtaining
the informed consent, a history form including demographic infor-
mation was completed. The subjects then took the computerized
self-administered hearing test. A subgroup of 20% of the recruited
subjects (n = 20) was selected at random to assess test-retest reli-
ability, and another subgroup (n = 20) was selected at random to
repeat the self-administered hearing test in a quiet room, rather than
the sound booth. The quiet room was an office room in the audiology
clinic with an ambient noise level of 41 dBA. Before each retest, both
for the test-retest reliability and test environment effect investigation,
the subjects were required to remove the earphones and put them
in again. An investigator was always available in the test room for
enquiry and monitoring.

Computerized self-administered hearing test

A computerized self-administered hearing test for mobile devices
has been developed. In this study, the hearing test was administered
on a smartphone (Apple iPhone 3GS with i0S4), and standard ear-
phones which come with the basic model of an Apple iPod were used
as the transducer for testing. The earphones used are shown in Figure 1.
There is no standard for calibrating the output of earphones used
with audio devices. The earphone was plugged into a KEMAR pinna
which attached to a Zwislocki coupler. The other side of the cou-
pler was connected to a Bruel & Kjer Sound Level Analyser (Type
2260 Investigator) which measured the output of the system via the
earphone. The right and left earphone was measured separately. At
each frequency tested, the signal amplitude was adjusted according
to the readings from the sound level meter so as to ensure that all
output levels (in 5-dB steps) measured in dB SPL were equivalent
to the dB HL values set in the system with the conversion from the
Zwislocki coupler to 2-cc (HA-1) SPL (Wilber et al, 1988) were
applied. Six test frequencies were used (250, 500, 1000, 2000,
4000, and 8000 Hz). Due to the output limit (without distortion) of
the earphones, the test ranges at different frequencies varied from
—10 to 55 dB HL to —10 to 70 dB HL, as shown in Table 1. Pulsed
pure tones of all test frequencies were presented on the right side
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Figure 1. Photo of the earphones used in the study.

first. The sequence of test frequency followed that of conventional
pure-tone audiometry. The subject was required to press the ‘—’ sign
if the test tones could be heard, and, when the test tones disappeared,
the subject had to press the ‘+’ sign once. By pressing the ‘+’or ‘=’
sign, the test signal would be increased or decreased by 5 dB. The
subject could repeat the steps as many times as they needed until the
test signal could just be heard. This level of volume would be set as
the threshold and be saved by the program once the subject pressed
the ‘OK’ button on the touch screen of the smartphone. Figure 2
shows a screenshot of the hearing test on a smartphone.

Method of adjustment

Verbal instructions were given before the test and the subjects were
reminded to firmly position the right and left earphones on the
respective ears with a diagram as shown in Figure 3 being displayed
on the device. The following verbal instructions were given, “Please
put on the earphones as tight as possible on the correct side. Please
adjust the volume level using the ‘+’ or ‘—’ button so you can just
barely hear the tone. Press the ‘+’ button if you cannot hear the tone
and press the ‘—’ button if you can hear the tone. You can repeat the
steps as many times as you like until the tone could just be heard.
Please press ‘OK’ when you are done.”

Ethical considerations
Local research ethics approval was granted for the study.

Results

Subject demographics
One hundred adult patients, who attended the Audiology Centre of
the Prince of Wales Hospital for pure-tone audiometry and met all

Table 1. Test range of the computerized self-administered hearing
test via a smartphone.

Frequency (Hz)

Test range (dB HL) 250 500 1000 2000 4000 8000
Minimum -10 -10 -10 -10 —10 -10
Maximum 55 60 65 70 70 60
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Figure 2. Screenshot of the hearing test application on a smartphone.

the inclusion criteria, participated in the study. The subjects were
aged from 18 to 73 (mean = 47.31, standard deviation [SD] = 13.39)
and included 59 women and 41 men. Fifty-eight (58%) of the sub-
jects had normal hearing bilaterally with pure-tone thresholds equal
to or better than 25 dB HL (American National Standards Institute,
1989) across all octave frequencies at 250-8000 Hz. Table 2 shows
the demographic data of the subjects.

Measured unmasked air-conduction thresholds

The average hearing threshold across both ears at all of the six fre-
quencies tested was 21.5 dB HL (SD = 11.8). The means and SDs of
thresholds at each frequency and ear obtained using the two methods
are listed in Table 3. When 1200 paired (100 subjects X 2 ears X 6
frequencies) air-conduction thresholds obtained by pure-tone audi-
ometry and the self-administered hearing test were compared, 26%
of the paired thresholds had 100% agreement. Eighty-eight per cent
of the paired thresholds fell within 10 dB of each other. Figure 4
shows the distribution of the differences between thresholds obtained
from pure-tone audiometry and the self-administered hearing test at
each ear and frequency.

Mean differences (self-administered hearing test threshold minus
pure-tone audiometric threshold) and mean absolute differences in the
thresholds for each frequency and averaged across all frequencies are
shown in Table 4. Averaged across the right and left ears, the differ-
ences ranged from —4.3 dB at 1000 Hz for the right ear to 7.6 dB at
8000 Hz for the left ear. The mean difference for all ears and frequen-
cies was 0.5 dB, suggesting that there were no significant differences
between self-administered hearing test thresholds and pure-tone audio-
metric thresholds. Absolute differences averaged across the right and
left ears ranged from 4.7 dB at 2000 Hz to 9.6 dB at 8000 Hz. Across
all ears and frequencies, the mean absolute difference was 6.3 dB.

A three-way analysis of variance (ANOVA) with repeated mea-
sures on three factors (ear, test frequency, and test method) was per-
formed. The ‘test method’ factor was insignificant, indicating that
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Figure 3. Instruction screen display for subjects before testing.

the thresholds obtained were not significantly different between the
two test methods. The ‘ear’ factor was insignificant, indicating that
the thresholds obtained were not significantly different between the
right and left ear. However, the ‘frequency’ factor was significant
(F = 36.87; p < 0.01) which could be explained by the generally
higher thresholds at high frequencies than at low frequencies, espe-
cially in subjects with hearing loss.

After controlling for age and hearing loss, a further ANOVA was
performed on the level of education of the subjects on threshold
determination. No significant effect was observed, indicating that
the validity of the computerized self-administered hearing test was
not affected by the subjects’ level of education.

Test-retest reliability

Demographic data on the 20 subjects who participated in this part of
study are listed in Table 2. The intra-session test-retest correlations
(intraclass correlation coefficients) were 0.97 and 0.95 (p < 0.01)
for the pure-tone audiometric thresholds and the self-administered
hearing test thresholds, respectively, which indicated good test-retest
reliability. Table 5 shows the percentages of participants who had
test-retest hearing threshold variability of no more than 5 dB and
no more than 10 dB, respectively, at each frequency and each mea-
surement. Variability for pure-tone audiometry was within 5 dB for
95-100% of ears in the frequency range from 500 to 4000 Hz, and
was within 10 dB for 100% of ears in all frequencies tested. Vari-
ability for the self-administered hearing test was within 5 dB for
89—-100% of ears in the frequency range of 500 to 8000 Hz, decreas-
ing to 83% at 250 Hz, and was within 10 dB for 92-100% of ears
in all frequencies tested.

Sound booth versus quiet room
Demographic data on the 20 subjects who participated in this part
of study are listed in Table 2. A three-way ANOVA with repeated



Table 2. Demographic data of the study subjects.

All subjects  Subgroup 1~ Subgroup 2

Age (vears)

Range 18-73 21-62 20-56

Mean 47 48 46

SD 13 9 11
Gender

Male 41 9 7

Female 59 11 13
Education level

None 2 0 0

Primary 19 4 3

Secondary 51 11 13

Tertiary or above 28 5 4
Type of loss (number of ears)

Normal 116 19 22

Sensorineural 60 18 11

Conductive 13 2 5

Mixed 11 1 2

Total number of ears tested 200 40 40

SD, standard deviation.

measures on three factors (test environment, test frequency, and test
ear) was performed. The ‘test environment’ factor was insignificant,
indicating that the thresholds obtained with the self-administered
hearing test in a quiet room were not significantly different from
those obtained in a sound booth. The ‘test frequency’ factor was
significant (F = 12.11; p < 0.01), which could be explained by
the generally increased thresholds at high frequencies than at low
frequencies, especially in subjects with hearing loss. The ‘test ear’
factor was insignificant, indicating that the thresholds obtained were
not significantly different between the right and left ear.

Discussion

There was no significant difference in the unmasked air-conduction
hearing thresholds obtained from the computerized self-adminis-
tered hearing test using a smartphone and those obtained with
standard pure-tone audiometry that was administered by audiolo-
gists with clinical audiometers. This showed that the computerized

Table 3. Mean thresholds obtained at each frequency and ear via
two test methods, with associated standard deviations (SD).

Frequency (Hz)

250 500 1000 2000 4000 8000  All

Pure-tone audiometry
Right Mean 19.8 19.7 215 193 226 261 215
SD 10.8 9.9 10.7 109 136 150 118
Left Mean 202 19.1 19.6 186 235 202 212
SD 11.3 10.5 96 126 127 159 121
Mean 19.8 19.7 215 193 226 261 215
SD 10.8 99 107 109 13.6 150 11.8
Self-administered hearing test
Right Mean 18.0  19.1 172 219 211 26.7 207
SD 11.3 9.7 9.6 9.3 11.0 148 110
Left Mean 213 210 17.6 225 21.7 338 23.0
SD 11.7 9.8 8.1 114 109 146 11.1
Mean 18.0  19.1 172 219 21.1 267 207
SD 11.3 9.7 9.6 9.3 11.0 148 110

Both

Both
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self-administered hearing test is as accurate as standard pure-tone
audiometry. High test-retest reliability was observed with the
computerized self-administered hearing test (intraclass correlation
coefficients = 0.95), which was comparable with that of standard
pure-tone audiometry (intraclass correlation coefficient = 0.97).
There was no significant difference in the thresholds obtained with
the computerized self-administered hearing test in a quiet room
and those obtained in a sound-proof booth. This means that, if the
ambient noise level is low enough (41 dBA in this study), the results
from the self-administered hearing test in a quiet room could be as
accurate as those obtained in a sound booth.

Comparison with other automated hearing tests
and mobile apps
Previous studies have shown that automated diagnostic audiometry,
including bone-conduction and masking, is valid and reliable (Ho
et al, 2009; Ishak et al, 2011; Margolis et al, 2010, 2011; Margo-
lis & Moore 2011). Average absolute differences in air-conduction
threshold across all ears and frequencies between automated test
and manual pure-tone audiometry of 2.4 dB (Swanepoel et al, 2010)
and 3.6 dB (Margolis et al, 2010) have been reported. The average
absolute difference obtained in the present study was 6.3 dB. The
higher variability with the computerized self-administered hearing
test might be explained by the use of a non-clinical transducer.
Recently many hearing-related apps have become available for
free or at a very low cost (Coleman 2011). Some of them just pro-
vide a hearing test while some include speech-in-noise assessment
or even amplification function. However none of these have been
validated and no available data could be found for comparison with
the present study.

Limitation of the self-administered hearing test

Due to the output limit (without distortion) of the earphones of the
smartphones used in the study, levels of hearing impairment worse
than a moderate grade could not be tested using the current version
of the application. The accuracy of the test was investigated in quiet
only in the present study, thus a quiet test environment is recom-
mended. Since the self-administered hearing test could only be used
to obtain unmasked air-conduction hearing levels, hearing loss of
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Figure 4. Distribution ofthe differences between thresholds obtained
from pure-tone audiometry and the self-administered hearing test
for each ear and frequency. Note. The difference is calculated by
subtracting the threshold obtained with pure-tone audiometry from
those obtained with the self-administered hearing test.
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Table 4. Mean differences and absolute differences between self-
administered hearing test thresholds and pure-tone audiometric
thresholds, with associated standard deviations (SD).

Frequency (Hz)

250 500 1000 2000 4000 8000  All

Average difference
Right Mean —1.8 —0.7 —43 29 -1.6 07 -0.8
SD 9.4 7.8 6.6 6.1 7.0 7.4 7.4
Left  Mean 1.2 1.9 =20 39 -138 7.6 1.8
SD 9.6 7.8 5.9 7.1 7.5 9.5 7.9
Both Mean —0.3 0.6 —3.1 33 —17 4.1 0.5
SD 8.6 6.9 5.3 5.9 6.4 7.0 6.7

Average absolute difference
Right Mean 7.2 5.9 5.9 4.7 5.7 53 5.8

SD 6.3 5.2 5.2 4.7 4.4 5.2 5.2
Left  Mean 8.1 6.4 4.7 6.1 59 9.6 6.8
SD 5.4 4.9 42 5.3 5.0 7.5 5.4
Both  Mean 7.6 6.1 53 5.4 5.8 7.4 6.3
SD 4.7 4.1 3.5 4.4 3.7 4.7 42

the worse ear in people with asymmetrical hearing may be under-
estimated. Unlike standard pure-tone audiometry which uses stan-
dardized insert earphones or headphones with calibrated headband
force, the self-administered hearing test uses general smartphone
earphones which may be plugged loosely into the ear. This may result
in a large variability in the thresholds obtained.

Application of the self-administered hearing test

The computerized self-administered hearing test was developed to
provide a simple, convenient means for people to take a hearing test.
This study showed that it can be used by people of different ages and
education level, which means that the test could be readily applied
to the general population. It is not designed to replace standard
pure-tone audiometry which is performed by an audiologist in a
sound booth. However, due to its accessibility via smartphones and
other computer devices, people can easily have their hearing tested,
and be alerted to seek professional advice if their test results are
abnormal. Thus, the computerized self-administered hearing test can
be a convenient means to raise public awareness on hearing health.

Conclusion

This study showed that the procedures of the computerized self-
administered hearing test and the use of a smartphone to obtain
unmasked air-conduction thresholds are valid and reliable.

Table 5. Percentages of ears that had variability =<5 dB and =10 dB
for each test and frequency.

Frequency (Hz)

Test-retest variability 250 500 1000 2000 4000 8000
Pure-tone audiometry
=5dB (%) 85 100 100 100 95 90
=10 dB (%) 100 100 100 100 100 100
Self-administered hearing test
=5dB (%) 83 89 97 92 100 94
=10 dB (%) 94 92 100 97 100 100
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