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Abstract

Background: Pure-tone screening (PTS) is considered as the gold standard for hearing screening programs in school-age
children. Mobile devices, such as mobile phones, have the potential for audiometric testing.

Objective: This study aimed to demonstrate a new approach to rapidly screen hearing status and provide stratified test values,
using a smartphone-based hearing screening app, for each screened ear of school-age children.

Method: This was a prospective cohort study design. The proposed smartphone-based screening method and a standard
sound-treated booth with PTS were used to assess 85 school-age children (170 ears). Sound-treated PTS involved applying 4 test
tonesto each tested ear: 500 Hz at 25 dB and 1000 Hz, 2000 Hz, and 4000 Hz at 20 dB. Theresultswere classified as pass (normal
hearing in the ear) or fail (possible hearing impairment). The proposed smartphone-based screening employs 20 stratified hearing
scales. Thresholds were compared with those of pure-tone average (PTA).

Results: A total of 85 subjects (170 ears), including 38 males and 47 females, aged between 11 and 12 years with amean (SD)
of 11 (0.5) years, participated in the trial. Both screening methods produced comparable pass and fail results (passin 168 ears
and fail in 2 ears). The smartphone-based screening detected moderate or worse hearing loss (average PTA>25 dB) accurately.
Both the sensitivity and specificity of the smartphone-based screening method were calculated at 100%.
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Conclusions: Theresults of the proposed smartphone-based self-hearing test demonstrated high concordance with conventional
PTS in a sound-treated booth. Our results suggested the potential use of the proposed smartphone-based hearing screening in a

school-age popul ation.

(JMIR Mhealth Uhealth 2019;7(4):€12033) doi: 10.2196/12033
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Introduction

Background

Worldwide, more than 466 million (over 5%) people, including
34 million children, are estimated to have ahearing impairment.
Hearing impairment is difficult to monitor because of thelimited
availability of testing equipment and trained specialistsin many
developing countries [1,2]. Unidentified hearing impairment
has been one of the most common disorders in school-age
children [1,3,4]. Several studies have shown that children with
hearing impairments remain unidentified, and if they do not
receive treatment, these children may experience adelay in the
acquisition of speech and language skills [5-7]. The burden of
hearing loss is the greatest in developing countries and more
than 80% of people with hearing loss live in these areas [3,8].
However, hearing care services in these areas are either very
limited or absent altogether [8,9]. Early detection and early
intervention are key factors in reducing the impact of hearing
impairment on the development and future achievement in
school-age children [10].

Pure-tone screening (PTS) is considered as the gold standard
for hearing screening programsfor school-age children[11,12].
PTSisusually administered by ahearing professional or anurse,
using a portable instrument that produces a limited set of test
stimuli often at a predetermined level between 20 and 40 dB
hearing level (HL), depending on the age of the group being
tested [2]. Current school-based hearing screening protocols
have not been standardized, and numerous screening criteria
vary according to the guidelines of the agency, state, or country.
For example, the American Speech-Language-Hearing
Association (ASHA) and the American Academy of Audiology
published professional recommendationsthat specify screening
at 20 dB at frequencies of 1000 Hz, 2000 Hz, and 4000 Hz [2,4].
In 2003, the American Academy of Pediatrics (AAP) also
suggested screening at 20 dB at frequencies of 500 Hz, 1000
Hz, 2000 Hz, and 4000 Hz [3]. One major drawback of the
current hearing screening methodsisthe lack of sensitivity and
specificity in determining hearing ability and indicating hearing
loss candidacy. As aresult, conventional PTS provides only a
passor fail result for each screened ear and lacks hearing status
assessment and further stratified test values as provided by tools
such asthe Landolt C eye chart for follow-ups[6,7].

The Hearing Scale Test (HST) is a novel hearing screening
method derived from the consecutive hearing screening
procedures for approaching the current hearing status of each
screened ear of children [5,8]. The HST employs stratified

https://mhealth.jmir.org/2019/4/€12033/

hearing scales containing 4 test tones (500 Hz, 1000 Hz, 2000
Hz, and 4000 Hz), where adjacent scales differ from each other
by 5 dB (Table 1). In addition to the pass/fail results that most
PTS-based screening programs offer, the HST also offers current
hearing status and provides stratified test values that can be
recorded for follow-ups. Our previous studies have shown that
the automated audiometry devicesbased on personal computers
built with the hearing protocol of the HST, which offer a
user-friendly interface and measure hearing threshold values,
are useful for monitoring progressive hearing changes in
school-age children [5,8].

Automated audiometry devices have demonstrated that
comparable hearing threshold values, compared with those
obtained by automated audiometry, such as computer-assisted
audiometry [9,10,12] or smartphone-based audiometry
[11,13-20], and results obtained by audiologists using
conventional manual audiometry can be achieved. Automated
audiometry devices using mobile phone require the use of
earphones, and given the huge variety of combinations of
earphones and mobile phone, standardized and calibrated
software and devices continue to be the key for performing
reliable hearing tests [15,16,21-27]. Apple, iOS-based devices
provide standardized hardware and software components;
therefore, most apps can potentially be universally shared with
all i0S-based device models[19]. Numerous audiometric apps
have been devel oped for hearing assessments on Apple mobile
devices [19,21,28], most of which calibrate mobile devices
using abiological method to determine areference sound level
inrelation to the hearing threshold of normal people[11,15,22].
To avoid possible variability and inconsistency caused by
biological calibration, our previous study has shown that
reference equival ent threshold sound pressure levels (RETSPLS)
represent areliable calibration method for output levels across
different Apple mobile devices with bundled earphones [23].

Objectives

In this study, we developed an iOS-based smartphone hearing
test app Ear Scale and evaluated its performance and feasibility
as a hearing screening program for school-age children. We
investigated the accuracy of the hearing tests conducted on
mobile devices calibrated by RETSPLs for Apple EarPod [23].
We compared the performance of the smartphone-based
automated hearing screening with that of audiologist-assisted
pure-tone audiometry (PTA) performed in asound-treated booth.
Different screening protocoals, including those suggested by the
AAP and ASHA, were also compared with the built-in HST
protocol of the Ear Scale app [15,16,19,21-27,29].
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Table 1. Stimuluslevelsin dB hearing level for tested frequenciesin the proposed Hearing Scale Test.

Stimulation level Hearing Scale Test

Normal (pure-tone audiometry <25 dB)

Possible hearing impai rment (pure-tone audiometry >25 dB)

4 S S3 Sy Ss Se S Sg Sy Si0
Frequency (Hz)
1000 Hz, 2000 Hz, and 0 5 10 15 20 25 30 35 40 45
4000 Hz
500 Hz 5 10 15 20 25 30 35 40 45 50

8s: stratified hearing scale.

Methods

Study Setting and Participants

This prospective cohort study was conducted at an elementary
school in Taipei, Taiwan. We recruited children from grades 5
and 6, aged between 11 and 12 years. A total of 85 children (38
boysand 47 girls) were enrolled, with 170 earstested. Thetrial
was approved by the Institutional Review Board of Taipei
Veterans General Hospital (2017-10-003CC). Writteninformed
consent was collected by the teachers from the parents, before
the scheduled date of the hearing screening tests. After
instruction by the researchers, each child, in a random order,
underwent smartphone-based and booth-based hearing screening
consecutively. The smartphone-based hearing screening
procedureswere performed in aquiet roomin the school. Before
the hearing screening, the students were taught how to wear the
headphones and push a button when hearing the tone. The air
conditioner was turned off during the measurements to reduce
ambient noise, the level of which was monitored every 30 min
by a sound level meter to ensure an ambient noise level of less
than 50 dB at test frequencies of 500 Hz, 1000 Hz, 2000 Hz,
and 4000 Hz.

M easurements

Pure-Tone Screening Proceduresin a Sound-Treated
Booth

The audiologist manually controlled a GrasonStadler GSI 18
screening audiometer that was used with a Telephonics TDH-39
supraaural earphones previously calibrated according to
International Organization for Standardization (1SO) 389-1. A
passresult for an ear indicated that the child responded correctly
to all 4 test tones. If the child did not respond to all 4 test tones
after 2 consecutive testing procedures, then the ear was assigned
afail result. PTA hearing thresholds of more than 25 dB at 500
Hz, 1000 Hz, 2000 Hz, and 4000 Hz in the sound-treated booth
were designated as hearing impairment.

iOS Automated Audiometry App

The i0S-based automated Ear Scale app (version 2.0) was
developed to perform pure-tone air conduction hearing testing
and was made freely accessible asadownload through the Apple
iTunes store in 2018. The HST, a new modified hearing
screening method derived from consecutive hearing screening
proceduresto assess the current hearing status of each screened
ear of children, was used to determine the hearing threshold [5]
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of each screened ear in children (Table 1). The test tones were
1.5 seconds in duration, whereas the silent interval between
successivetonesrandomly varied between 2 and 3 seconds, and
depending on the user response, the sound intensity was changed
in steps of 5 dB semiautomatically [19]. The test tone's
amplitude was modulated with a depth of 100% [11]. At the
end of the test, an audiogram was displayed, which could be
saved on the device (Figure 1). The Ear Scale app involved
computerized self-determination of the lowest audible sound
generated by the mobile devicee The computerized
smartphone-based audiometer presented the 4 test tones of the
HST at the appropriate stimulus levels semiautomatically, as
shown in Figure 2. The Ear Scale app started with a hearing
scaleof 25 dB (S;; Figure 2). The 4 test toneswere automatically
presented in a fixed order: 1000 Hz, 2000 Hz, 4000 Hz, and
500 Hz. If the child responded correctly to all test tones of a
particular hearing scale, then the test stimulus level was
decreased (corresponding to hearing scales decreasing from S,
to S;) until the child did not respond to any of the 4 test tones;
otherwise, thetest stimuluslevel wasincreased (corresponding
to hearing scales increasing from Sg to S,p; Figure 2). The
minimum audible hearing scale on the HST indicated the
stimulus level at which the child responded correctly to all 4
test tones. If the child did not respond correctly to hearing scale
Sy, then the result was designated as no response (NR). Scales
S, to S; of the HST are equivalent to a PTS passresult, whereas
scales S5 to S;p and NR are equivalent to a PTS fail result
(Figure 2). The tests on mobile devices were conducted twice,
test and retest.

iOS Automated Audiometry Calibration

Calibration of iOS-based deviceswith Apple EarPod RETSPLs
was described in detail in a previous paper [23]. Briefly, the
RETSPL method of the hearing self-test carried out on mobile
devices with calibrated bundled headphones is used when
calibrating audiometric equipment to a hearing threshold of 0
dB at various frequencies. Pure-tone stimuli at 250 Hz, 500 Hz,
1000 Hz, 2000 Hz, 4000 Hz, and 8000 Hz were generated on
theiOS mobile deviceand delivered by the Apple EarPods. The
KEMAR manikin was developed to meet the needs of hearing
aid designersand other manikin users. The EarPods were placed
in the left and right pinna of the KEMAR manikin for
eardrum-pressurerecording. Hearing thresholdswere determined
by the ascending method described in 1SO 8253-1 [24], where
the step sizewas set to 1 dB. Theinitial level was set at 10 dB
below the lowest subject response level, which was
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predetermined using a conventional audiometer. Subjects were
instructed to respond when they heard the stimulus. Final
thresholds were determined using a 2-down, 1-up adaptive
staircase procedure [25] after 3 reversals. All devices were
standardized by setting the user-controllable volume to 100%
of its maximum limit. The maximum difference between right
and |eft EarPodswas|essthan 1 dB and the maximum difference
among devices (iPhone 5s, iPhone 6, iPhone 6 Plus, iPhone 7,
iPhone 7 Plus, and iPad mini) wasless than 1.5 dB with output
levels across 5 EarPods between 250 and 8000 Hz on asingle
device (iPad mini 4). The maximum difference was less than
1.0 dB. The microphone of the ear simulators and the el ectrical
and acoustical measurement systems were calibrated using a
GRAS model 42AA pistonphone. The output levels of the
EarPods at 500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz were
calibrated in units of dB sound pressure level (SPL) when the
volume of the Apple mobile device was set to maximum. The
output level (dB) of the pure-tone sound corresponding to each
hearing test frequency is similar to that of the apparatus
previously described for sound output calibration [19,23]. Apple
EarPod RETSPL s have stable output levels between right and
left EarPods, which can be applied to calibrate output levels of
various Apple mobile devices with EarPods [23].
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Statistical Analysis

For hearing screening, the presence or absence of hearing loss
(PTA>25 dB) in each ear was determined by sound-treated
booth audiometry. The results from the Ear Scale app were
compared with the threshol d obtained from sound-treated booth
PTA measurement. These data were entered into 2x2 tablesto
calculate the sensitivity, specificity, positive predictive value,
and negative predictive value. The hearing scale obtained from
the Ear Scale app and the corresponding mean pure-tone
threshold obtained from the sound-treated booth are shown by
a box plot (Figure 2). The corresponding pure-tone threshold
of each grade of the HST is shown by a box plot (Figure 3).
The correlation coefficient was calculated to estimate the
average correlation coefficient across both methods. The
Kruskal-Wallis test was performed to determine significance.
Analyses were performed using the SPSS version 23.0 (SPSS
Inc) and Microsoft Excel version 2016 (Microsoft Inc) for
personal computers. P values less than .05 were considered
statistically significant. The PTA thresholds at 500 Hz, 1000
Hz, 2000 Hz, and 4000 Hz were summarized as the mean (SD)
values (Table 1).
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Figure 1. Screenshot of the Ear Scale app includes instructions for the testers and the hearing test process.
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Figure 2. The computerized smartphone-based hearing screening flow diagram. S: stratified hearing scale.
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Figure 3. Box plots of the hearing results of right ears and left ears obtained from the Ear Scale app in relation to those obtained from pure-tone
screening. The box includes the median (heavy line) and represents the first and third quartiles, whereas the vertical bar indicates the SD. Blue lines
represent best-fit linear regressions of the means of the boxes, whereas the gray areas around the line represent the 95% CI of the model (P<.05,

differences were found between groups). S: stratified hearing scale.

Results

Comparing 2 Hearing Screening M ethods:
Conventional Pure-Tone Screening Versusthe Ear
Scale App

Of the 170 ears tested by sound-treated booth PTA, 98.8%
(168/170) and 1.2% (2/170) were assigned passand fail results,
respectively. Similarly, of the 170 ears tested by the Ear Scale
app, 98.8% (168/170) and 1.2% (2/170) of the tests were
assigned pass and fail results, respectively (Table 2). Theresults
using these 2 methods of hearing screening were calculated in
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a 2x2 table to determine the sensitivity, specificity, positive
predictive value, and negative predictive value (Figure 3). In
addition to the dichotomous pass or fail results, the Ear Scale
app provided stratified hearing scales for each screened ear.
The results of 84 left ears with a pass result were stratified as
0dB (S,) of 13% (11/84), 5dB (S,) of 38% (32/85), 15dB (S;)
of 33% (28/85), 20 dB (S,) of 11% (9/85), and 25 dB (Ss) of
4% (4/85), whereas fail results were stratified as 35 dB (S;) of
1% (1/85). Similarly, 84 pass results and 1 fail result for right
ears were also further stratified. The results of 168 pass ears
and 2 fail ears are pooled and shown in Table 3.
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Table 2. Participants' demographics and hearing impairment candidacy (as graded by the pure-tone screening and Hearing Scale Test).

Variables Statistics
Participants, n 85
Age (years), mean (SD) 11(0.5)
Gender, n
Mae 38
Female 47
Pure-tone screening, n
<25 dB (normal) 168
26-40 dB (mild loss) 2
41-55 dB (moderate |0ss) 0
56-70 dB (moderate to severe |0ss) 0
71-90 dB (severe l0ss) 0
291 dB (profound loss) 0
Ear Scale app with the Hearing Scale Test, n
< 25 dB (S%-Ss, normal) 168
>25 dB (Sg-Sq0, hearing loss candidate) 2

8s: stratified hearing scale.

Validation of the Built-In Hearing Scale Test Hearing
Screening Protocol for the Ear Scale App

As the HST was used in our Ear Scale app for the default
screening protocol, we also compared the HST with other
popular protocols, including those suggested by the AAP and
ASHA. The Ear Scale app was highly accurate at the tested
frequencies (500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz) for all
3 screening protocols. The specificity was 100% and the
sensitivity was 100% for HST (1000 Hz, 2000 Hz, and 4000
Hz at 20 dB and 500 Hz at 25 dB), 95.2% for AAP (500 Hz,
1000 Hz, 2000 Hz, and 4000 Hz at 20 dB), and 95.2% for ASHA
(500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz at 15 dB). The
false-positiveratewas 0% in all 3 screening protocols, whereas
the false-negative rates were 0% of HST, 4.8% of AAP, and

https://mhealth.jmir.org/2019/4/€12033/

4.8% of ASHA, respectively. A summary of the results from
all 3 tested screening protocolsis provided in Table 4.

Accuracy of Ear Scale App Calibration at All Hearing
Scale Test Grades

The correlation between the 2 measurements by utilizing the
Ear Scale app in a quiet conference room and the clinical
audiometer in a sound-treated room was significant at the .01
level (Figure 3). Statistically significant differenceswerefound
inall tested HST scales (S;, S,, Ss. Sy, and Sg) inright earsand
left ears (Kruskal-Wallis test with 5 degrees of P<.01; Figure
3). Similarly, the pooled data from both ears also showed a
significant difference, indicating the useful ness of the proposed
Ear Scale app in not only distinguishing ears with pass or fail
results but also providing an accurate measurement of the HL
of school children.
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Table 3. The Hearing Scale Test and the mean difference between thresholds (dB) for the Ear Scale app and sound-treated booth (N=170 ears).

Ear Scale app with Hearing Scale Test

Sound-treated booth in pure-tone screening

Mean (SD) n
L eft ear (mean thresholds)
<5dB (S%) 4(3.14) 11
6-10 dB (Sy) 7(2.7) 32
11-15 dB (Sg) 8(2.9) 28
16-20 dB (Sy) 11 (4.2) 9
21-25 dB (Sg) 14 (4.3) 4
26-30 dB (Sg) 0 0
31-35dB (S7) 31 (NaNP) 1
36-40 dB (Sg) 0 0
41-45 dB (Sg) 0 0
46-50 dB (Sy) 0 0
Right ear (mean thresholds)
<5dB (Sy) 6(2.1) 5
6-10 dB (Sy) 7(3.3) 26
11-15 dB (Sy) 10 (2.6) 31
16-20 dB (Sy) 11 (3.8) 18
21-25dB (Sg) 11 (2.6) 4
26-30 dB (Sg) 0 0
31-35dB (S;) 0 0
36-40 dB (Sg) 36 (NaN) 1
41-45 dB (So) 0 0
46-50 dB (Sy0) 0 0
Both ears (mean thresholds)
<5dB (S)) 5(2.9) 16
6-10dB (Sy) 7(3.0) 58
11-15 dB (S3) 9(2.8) 59
16-20 dB (Sy) 11(3.8) 27
21-25dB (Ss) 123.6) 8
26-30 dB (Sg) 0 0
31-35dB (S;) 31 (NaN) 1
36-40 dB (Sg) 36 (NaN) 1
41-45 dB (Sg) 0 0
46-50 dB (Sy) 0 0

8s: tratified hearing scale.
bNaN: not anumber.
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Table 4. Comparison of the hearing screening protocols for both ears of all subjects participating in the study.

Results Hearing screening protocols
Hearing Scale Test, % American Academy of Pediatrics, %  American Speech-Language-Hearing Association, %
Sensitivity 100 95.2 95.2
Specificity 100 100 100
False-positive 0 0 0
False-negative 0 4.8 4.8
Discussion child. The longer testing time of the Ear Scale app is because

Principal Findings

The findings from this study support the use of the Ear Scale
app in smartphone-based hearing screening of school children.
To the best of our knowledge, thisis the first report proposing
a method for stratifying hearing test results on a smartphone
and then using it for hearing screening in school children. As
hearing screening is useful for detecting hearing impairment in
the school system [26], we developed the Ear Scale app to
evaluate school children’sHL rangeson the basis of 20 stratified
hearing scales, that is, 5 dB (S;) to 100 dB (S,y), plus an NR
result. Our Ear Scale 25 dB (Ss) menu item fit anormal hearing
range, the Ear Scale 50 dB (S,p) menu item fit amild hearing
loss range, the Ear Scale 75 dB (S;5) menu item fit a moderate
hearing loss range, and the Ear Scale app with the HST from 5
dB (S,) to 100 dB (S,g) menu item can be customized for awide
range of hearing lossfor school-age children. Conventional PTS
provides a pass / fail result, and it therefore provides little
information regarding a child's hearing ability. The Ear Scale
app withthe HST proposed in this study has 10 stratified hearing
scalesfrom 0 dB (S;) to 45dB (S,) plusan NR result. The Ear
Scale app with the HST is derived from the hearing screening
concept of dichotomized test results (pass or fail), but the use
of computerized hearing screening procedures and hearing scales
with different test stimulus levels alows the minimum audible
hearing scale to be determined. The scale determined by the
Ear Scale app can present the current hearing status of each
tested ear. The Ear Scale app with the HST can rapidly evaluate
the hearing status of the tested ear, typically within 3to 5 min.

Many different ear screening protocols have been established
in the past [7,30], but the methods suitable for children and
school-age groups have not been standardized [27,30]. The Ear
Scale app described in this study has several implications for
hearing screening programs. First, the built-in HST protocol
stratifies the hearing scales of each screened ear, whereas PTS
provides only pass or fail results (Table 2). These stratified
hearing scales from 0 dB (S,) to 45 dB (S,p) recorded in an
initial hearing assessment can be used for further follow-up
surveillance in hearing screening programs [5,8]. Second, the
results of the HST show the distribution of different stratified
hearing scales (representing different degrees of hearing status)
of all screened ears with the same median reference standard
(Ss), thus facilitating comparisons of hearing screening results
among classes or schools (Table 3). The Ear Scale app with a
computerized audiometer typically requiresonly 3to 5 min per
child, whereas PTS conducted manually requires 1to 2 min per
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of the stratification performed by consecutive teststo determine
the minimum audible hearing scale. However, thissmall increase
in the time spent in the test is worthwhile to achieve the goal
of determining a more informative hearing status associated
with the use of stratified hearing scales in the Ear Scale app.

It is projected that the smartphone subscription will increase
from 5 billionin 2018 to 7.2 billion in 2024 [29], and there has
been a surge of health-related smartphone apps in recent years
[31-36]. Smartphone hearing screening audiometry has been
widely implemented as mobile phone gained popularity, and
several studies have compared hearing thresholds with
standardized automated hearing thresholds obtained in a
sound-treated booth [11,13,14,18,28,37-39]. However, none of
these studiesintegrated a computerized hearing screening flow
diagram with agraphical interface for school-age children. Our
Ear Scale app is based on a series of distinct steps and is
implemented in the form of an automated process, which
improves standardization of the test procedures and therefore
avoidsinconsistency [40,41].

Our results indicate that the iOS-based Ear Scale app is
reasonably accurate for hearing screening. The sensitivity and
specificity were high (100%), whereas the fal se-positive (0%)
and false-negative rates (0%) were low when the hearing tests
were performed in a quiet room in the school library, ensuring
an ideal test for hearing screening. The Ear Scale app was aso
found to be highly accuratein testing several hearing screening
protocols in addition to the built-in HST [5], including those
recommended by the AAP [3] and ASHA [2]. The Ear Scale
app can be used to screen school-age children and individuals
at a high risk of developing hearing loss and facilitate early
detection of abnormal or worsening thresholds. The Ear Scale
app is therefore an appropriate tool to screen for disabling
hearing loss and detect hearing loss in a nonsoundproof
environment. Children who have limited access to audiol ogists
may benefit from a smartphone-based, freely available
self-assessment hearing screening test such as this. With
increasing rates of age- and noise-related hearing loss globally,
further studies are required to examine the suitability of the Ear
Scale app for early detection or prevention of hearing loss in
the future.

Limitations

The environmental noise level is one of the most common
concerns in hearing screening [7,11,27,30,42,43]. This study
was conducted at a school, where ambient noise levels were
increased but not excessive at various times, which may have
influenced the findings. Therefore, recalibration is required to
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reset RETSPLs and maximum output levels with bundlied
earphones (Apple EarPods) for each new device model. At the
same time, we must recalibrate the mobile devices with the
KEMAR manikin, following the same procedures to obtain the
mean values [44].

Conclusion

Chuet a

comparable with clinical-grade PTS in a sound-treated booth
in terms of hearing test results. With favorable high sensitivity
and specificity rates and low false-positive and fal se-negative
rates, this study demonstrated that using the proposed Ear Scale
app can rapidly screen hearing status and provide stratified test
valuesfor each screened ear, and it istherefore an ideal tool for

hearing screening in schools.
Thispaper proposes an innovative approach to hearing screening

of school-age children. We developed an Ear Scale app that is

Acknowledgments

The authors would like to thank Shang-Liang Wu, Hsin-Yi Huang, Wen-Tsung Kuo, the Big Data Center of Taipei Veterans
General Hospital, and Biostatistics Task Force of Taipei Veterans General Hospital for their assistance during the study. This
study was supported by grants from Taipei Veterans General Hospital (V 107E-004-2(108), 108VACS-003, V108C-178) and the
Ministry of Health and Welfare (MOHW108-TDU-B-211-124019, MOHW108-TDU-B-211-133001). The funders had no role
in the study design, data collection and analysis, the decision to publish, or preparation of the manuscript.

Authors Contributions

Y CC and WHL built the Ear Scale app and participated in writing the final draft. Y CC and Y FC designed the study, interpreted
the results, and wrote the draft. YT and YHL and FL conceptualized and designed the study, interpreted the data, and critically
revised the manuscript. All authors helped critically review and revise the manuscript and approved the final version.

Conflictsof Interest
None declared.

References

1. BegAL, Papri H, Ferdous S, Khan NZ, Durkin MS. Screening methods for childhood hearing impairment in rural
Bangladesh. Int JPediatr Otorhinolaryngol 2006 Jan;70(1):107-114. [doi: 10.1016/j.ijporl.2005.05.029] [Medline: 16023223]

2. Guidelinesfor Audiologic Screening. USA: American Speech-Language-Hearing Association; 1997.

3. Cunningham M, Cox EO, Committee on Practice and Ambulatory Medicine and the Section on Otolaryngology and
Bronchoesophagol ogy. Hearing assessment in infants and children: recommendations beyond neonatal screening. Pediatrics
2003 Feb;111(2):436-440. [Medline; 12563074]

4.  RoushJ. Identification of hearing lossand middle ear dysfunctionin preschool and school age children (American Academy
of Audiology, Report and Position Statement). Semin Hear 2008 Aug 26;11(4):357-371. [doi: 10.1055/s-0028-1085515]

5. Liao WH, Lien CF, Young ST. The Hearing Scale Test for hearing screening of school-age children. Int J Pediatr
Otorhinolaryngol 2010 Jul;74(7):760-764. [doi: 10.1016/j.ijporl.2010.03.033] [Medline: 20394995]

6.  SnijdersT, Bosker R. The Worship and Principles of the Church of England: A Sermon, Preached at the Opening of Christ's
Church, in Great-Barrington, on Christ-Mass Day, M.DCC.LXI1V. Multilevel modeling: Printed and sold by William
Goddard, at the Post-Office; 1999.

7. Meinke DK, Dice N. Comparison of audiometric screening criteriafor the identification of noise-induced hearing lossin
adolescents. Am J Audiol 2007 Dec 1;16(2):S190. [doi: 10.1044/1059-0889(2007/023)]

8. LiaoW, Young S, Tang S, Shiao A, Wang S, Lien C. A novel method for quick hearing assessment of children. 2010
Presented at: 2010 International Conference on Electronics and Information Engineering; August 1-3, 2010; Kyoto, Japan.
[doi: 10.1109/I CEIE.2010.5559833]

9. Masalski M, Krecicki T. Self-test web-based pure-tone audiometry: validity evaluation and measurement error anaysis. J
Med Internet Res 2013 Apr 12;15(4):e71 [FREE Full text] [doi: 10.2196/jmir.2222] [Medline: 23583917]

10. Liao WH, Young ST, Lien CF, Wang SJ. An audiometer to monitor progressive hearing change in school-aged children.
JMed Screen 2011;18(1):8-11. [doi: 10.1258/jms.2011.010120] [Medline; 21536810]

11. Masaski M, Grysinski T, Krecicki T. Hearing tests based on biologically calibrated mobile devices: comparison with
pure-tone audiometry. IMIR Mhealth Uhealth 2018 Jan 10;6(1):€10 [ FREE Full text] [doi: 10.2196/mhealth.7800] [M edline:
29321124]

12.  HonethL, BexeliusC, Eriksson M, Sandin S, Litton J, Rosenhall U, et a. Aninternet-based hearing test for simple audiometry
in nonclinical settings: preliminary validation and proof of principle. Otol Neurotol 2010 Jul;31(5):708-714. [doi:
10.1097/MAQ.0b013e3181de467a] [Medline: 20458255]

13.  Sandstrom J, Swanepoel DW, Carel Myburgh H, Laurent C. Smartphone threshold audiometry in underserved primary
health-care contexts. Int J Audiol 2016;55(4):232-238. [doi: 10.3109/14992027.2015.1124294] [Medline: 26795898]

https://mhealth.jmir.org/2019/4/€12033/ JMIR Mhealth Uhealth 2019 | vol. 7 | iss. 4| €12033 | p. 11

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.ijporl.2005.05.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16023223&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12563074&dopt=Abstract
http://dx.doi.org/10.1055/s-0028-1085515
http://dx.doi.org/10.1016/j.ijporl.2010.03.033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20394995&dopt=Abstract
http://dx.doi.org/10.1044/1059-0889(2007/023)
http://dx.doi.org/10.1109/ICEIE.2010.5559833
http://www.jmir.org/2013/4/e71/
http://dx.doi.org/10.2196/jmir.2222
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583917&dopt=Abstract
http://dx.doi.org/10.1258/jms.2011.010120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21536810&dopt=Abstract
http://mhealth.jmir.org/2018/1/e10/
http://dx.doi.org/10.2196/mhealth.7800
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29321124&dopt=Abstract
http://dx.doi.org/10.1097/MAO.0b013e3181de467a
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20458255&dopt=Abstract
http://dx.doi.org/10.3109/14992027.2015.1124294
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26795898&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Chuetd

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

RendalL, Selcuk OT, Eyigdr H, Osma U, Yilmaz MD. Smartphone based audiometric test for confirming the level of
hearing; isit useablein underserved areas. JInt Adv Otol 2016 Apr;12(1):61-66 [FREE Full text] [doi: 10.5152/ia0.2016.1421]
[Medline: 27340985]

Masalski M, Kipiriski L, Grysinski T, Krecicki T. Hearing tests on mobile devices: evaluation of the reference sound level
by means of biological calibration. JMed Internet Res 2016 May 30;18(5):e130 [FREE Full text] [doi: 10.2196/jmir.4987]
[Medline: 27241793]

Bright T, Pallawela D. Validated smartphone-based apps for ear and hearing assessments: a review. IMIR Rehabil Assist
Technol 2016 Dec 23;3(2):e13 [FREE Full text] [doi: 10.2196/rehab.6074] [Medline: 28582261]

Abu-Ghanem S, Handzel O, NessL, Ben-Artzi-BlimaM, Fait-Ghelbendorf K, Himmelfarb M. Smartphone-based audiometric
test for screening hearing loss in the elderly. Eur Arch Otorhinolaryngol 2016 Feb;273(2):333-339. [doi:
10.1007/s00405-015-3533-9] [Medline: 25655259]

Swanepoel DW, Myburgh HC, Howe DM, Mahomed F, Eikelboom RH. Smartphone hearing screening with integrated
quality control and data management. Int J Audiol 2014 Dec;53(12):841-849. [doi: 10.3109/14992027.2014.920965]
[Medline: 24998412]

Foulad A, Bui P, Djalilian H. Automated audiometry using apple iOS-based application technology. Otolaryngol Head
Neck Surg 2013 Nov;149(5):700-706. [doi: 10.1177/0194599813501461] [Medline: 23963611]

Martinez-Pérez B, delaTorre-Diez |, Lopez-Coronado M. Mobile health applications for the most prevalent conditions by
the World Health Organization: review and analysis. J Med Internet Res 2013 Jun 14;15(6):€120 [FREE Full text] [doi:
10.2196/jmir.2600] [Medline: 23770578]

XingY, FuZ, Wu X, Chen J. Evaluation of AppleiOS-based automated audiometry. 2016 Sep 1 Presented at: 22nd
International Congress on Acoustics, September 5-9, 2016; Buenos Aires URL : https://www.icacommission.org/Proceedings/
ICA2016BuenosAires/papers/| CA2016-0114.pdf

Masalski M, Grysinski T, Krecicki T. Biological calibration for web-based hearing tests: evaluation of the methods. JMed
Internet Res 2014 Jan 15;16(1):e11 [FREE Full text] [doi: 10.2196/jmir.2798] [Medline: 24429353]

Ho CY, Li PC, Young ST. Reference equivalent threshold sound pressure levelsfor Apple EarPods. J Acoust Soc Am 2017
Dec;141(2):EL115. [doi: 10.1121/1.4976110] [Medline: 28253642]

International Organization for Standardization. Reference equivalent threshold sound pressure levels for Apple EarPods
URL: https://www.iso.org/standard/43601.html [accessed 2019-03-01] [WebCite Cache ID 76YADA31K]

Levitt H. Transformed up-down methods in psychoacoustics. J Acoust Soc Am 1971 Feb;49(2B):467-477. [doi:
10.1121/1.1912375]

Flanary VA, Flanary CJ, Colombo J, Kloss D. Mass hearing screening in kindergarten students. Int J Pediatr Otorhinolaryngol
1999 Oct 25;50(2):93-98. [doi: 10.1016/S0165-5876(99)00210-4] [Medline: 10576608]

Mason CA, Gaffney M, Green DR, Grosse SD. Measures of follow-up in early hearing detection and intervention programs:
aneed for standardization. Am J Audiol 2008 Jun;17(1):60-67. [doi: 10.1044/1059-0889(2008/007)] [Medline: 18519580]
Khoza-Shangase K, Kassner L. Automated screening audiometry in the digital age: exploring uHear™ and itsusein a
resource-stricken devel oping country. Int J Technol Assess Health Care 2013 Jan;29(1):42-47. [doi:
10.1017/S0266462312000761] [Medline: 23298579]

Cerwall P, Lundvall A, Jonsson P, Carson S, Méller R, Jonssonricsson MR. GSMA.. 2018. Ericsson Mobility Report: On
the pul se of the Networked Society URL : https:.//www.gsma.com/l atinamerica/ericsson-mobility-report-networked-society/
[accessed 2019-03-01] [WebCite Cache ID 76YAdHGt7]

Bamford J, Fortnum H, Bristow K, Smith J, Vamvakas G, DaviesL, et a. Current practice, accuracy, effectiveness and
cost-effectiveness of the school entry hearing screen. Health Technol Assess 2007 Aug;11(32):1-168, iii [FREE Full text]
[doi: 10.3310/hta11320] [Medline: 17683682]

Jimoh F, Lund EK, Harvey LJ, Frost C, Lay WJ, Roe MA, et al. Comparing diet and exercise monitoring using smartphone
app and paper diary: atwo-phase intervention study. IMIR Mhealth Uhealth 2018 Jan 15;6(1):e17 [FREE Full text] [doi:
10.2196/mhesalth.7702] [Medline: 29335239]

Swendeman D, Comulada WS, Koussa M, Worthman CM, Estrin D, Rotheram-Borus MJ, et al. Longitudinal validity and
reliability of brief smartphone self-monitoring of diet, stress, and physical activity in a diverse sample of mothers. IMIR
Mhealth Uhealth 2018 Sep 21;6(9):€176 [FREE Full text] [doi: 10.2196/mhealth.9378] [Medline: 30249576]

El Shafie RA, Weber D, Bougatf N, Sprave T, Oetzel D, Huber PE, et al. Supportive care in radiotherapy based on amobile
app: prospective multicenter survey. IMIR Mhealth Uhealth 2018 Aug 30;6(8):€10916 [ FREE Full text] [doi: 10.2196/10916]
[Medline: 30166275]

Webb MJ, Wadley G, Sanci LA. Experiences of general practitioners and practice support staff using a health and lifestyle
screening app in primary health care: implementation case study. JIMIR Mhealth Uhealth 2018 Apr 24;6(4):€105 [FREE
Full text] [doi: 10.2196/mhealth.8778] [Medline: 29691209]

RobbinsRN, GouseH, Brown HG, Ehlers A, Scott TM, Leu C, et a. A mobile app to screen for neurocognitiveimpairment:
preliminary validation of neuroscreen among HIV-infected South African adults. IMIR Mhealth Uhealth 2018 Jan 5;6(1):€5
[FREE Full text] [doi: 10.2196/mhealth.9148] [Medline: 29305338]

https://mhealth.jmir.org/2019/4/€12033/ JMIR Mhealth Uhealth 2019 | vol. 7 | iss. 4 | €12033 | p. 12

(page number not for citation purposes)


http://www.advancedotology.org/eng/makale/907/90/Full-Text
http://dx.doi.org/10.5152/iao.2016.1421
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27340985&dopt=Abstract
http://www.jmir.org/2016/5/e130/
http://dx.doi.org/10.2196/jmir.4987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27241793&dopt=Abstract
http://rehab.jmir.org/2016/2/e13/
http://dx.doi.org/10.2196/rehab.6074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28582261&dopt=Abstract
http://dx.doi.org/10.1007/s00405-015-3533-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25655259&dopt=Abstract
http://dx.doi.org/10.3109/14992027.2014.920965
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24998412&dopt=Abstract
http://dx.doi.org/10.1177/0194599813501461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23963611&dopt=Abstract
http://www.jmir.org/2013/6/e120/
http://dx.doi.org/10.2196/jmir.2600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23770578&dopt=Abstract
https://www.icacommission.org/Proceedings/ICA2016BuenosAires/papers/ICA2016-0114.pdf
https://www.icacommission.org/Proceedings/ICA2016BuenosAires/papers/ICA2016-0114.pdf
http://www.jmir.org/2014/1/e11/
http://dx.doi.org/10.2196/jmir.2798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24429353&dopt=Abstract
http://dx.doi.org/10.1121/1.4976110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28253642&dopt=Abstract
https://www.iso.org/standard/43601.html
http://www.webcitation.org/

                                            76YADA31k
http://dx.doi.org/10.1121/1.1912375
http://dx.doi.org/10.1016/S0165-5876(99)00210-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10576608&dopt=Abstract
http://dx.doi.org/10.1044/1059-0889(2008/007)
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18519580&dopt=Abstract
http://dx.doi.org/10.1017/S0266462312000761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23298579&dopt=Abstract
https://www.gsma.com/latinamerica/ericsson-mobility-report-networked-society/
http://www.webcitation.org/

                                            76YAdHGt7
http://www.journalslibrary.nihr.ac.uk/hta/hta11320
http://dx.doi.org/10.3310/hta11320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17683682&dopt=Abstract
http://mhealth.jmir.org/2018/1/e17/
http://dx.doi.org/10.2196/mhealth.7702
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29335239&dopt=Abstract
http://mhealth.jmir.org/2018/9/e176/
http://dx.doi.org/10.2196/mhealth.9378
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30249576&dopt=Abstract
http://mhealth.jmir.org/2018/8/e10916/
http://dx.doi.org/10.2196/10916
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30166275&dopt=Abstract
http://mhealth.jmir.org/2018/4/e105/
http://mhealth.jmir.org/2018/4/e105/
http://dx.doi.org/10.2196/mhealth.8778
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29691209&dopt=Abstract
http://mhealth.jmir.org/2018/1/e5/
http://dx.doi.org/10.2196/mhealth.9148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29305338&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR MHEALTH AND UHEALTH Chuetd

36.

37.

38.

39.

40.

41.

42.

43.

March S, Day J, Zieschank K, Ireland M. The Interactive Child Distress Screener: development and preliminary feasibility
testing. IMIR Mhealth Uhealth 2018 Apr 19;6(4):€90 [FREE Full text] [doi: 10.2196/mhealth.9456] [Medline: 29674310]
Paglialonga A, Tognola G, Pinciroli F. Apps for hearing science and care. Am J Audiol 2015 Sep;24(3):293-298. [doi:
10.1044/2015 AJA-14-0093] [Medline: 26649533]

Yeh CH, Wei ST, Chen TW, Wang CY, Tsai MH, Lin CD. A web-based audiometry database system. J Formos Med Assoc
2014 Jul;113(7):477-480 [FREE Full text] [doi: 10.1016/j.jfma.2013.10.006] [Medline: 24262921]

Yimtae K, Israsena P, Thanawirattananit P, Seesutas S, Saibua S, Kasemsiri P, et al. A tablet-based mobile hearing screening
system for preschoolers: design and validation study. IMIR Mhealth Uhealth 2018 Oct 23;6(10):€186 [FREE Full text]
[doi: 10.2196/mhealth.9560] [Medline: 30355558]

Mahomed F, Swanepoel DW, Eikelboom RH, Soer M. Validity of automated threshold audiometry: a systematic review
and meta-analysis. Ear Hear 2013;34(6):745-752. [doi: 10.1097/01.aud.0000436255.53747.a4] [Medline: 24165302]
Margolis RH, Morgan DE. Automated pure-tone audiometry: an analysis of capacity, need, and benefit. Am JAudiol 2008
Dec;17(2):109-113. [doi: 10.1044/1059-0889(2008/07-0047)] [Medline: 18840703]

Fitzzaland RE, Zink GD. A comparative study of hearing screening procedures. Ear Hear 1984;5(4):205-210. [Medline:
6468778]

Sabo MP, Winston R, Macias JD. Comparison of pure tone and transient otoacousti c emissions screening in agrade school
population. Am J Otol 2000 Jan;21(1):88-91. [doi: 10.1016/S0196-0709(00)80080-0] [Medline: 10651440]

Gardner WG, Martin KD. HRTF measurements of a KEMAR. J Acoust Soc Am 1995 Jun;97(6):3907-3908. [doi:
10.1121/1.412407]

Abbreviations

AAP: American Academy of Pediatrics

ASHA: American Speech-Language-Hearing Association
HL: hearing level

HST: Hearing Scale Test

ISO: International Organization for Standardization

NR: no response

PTA: pure-tone average

PTS: pure-tone screening

RETSPL: reference equivalent threshold sound pressure level
S: stratified hearing scale

SPL: sound pressure level

Edited by G Eysenbach; submitted 25.08.18; peer-reviewed by R Dewey, C He; commentsto author 27.10.18; revised version received
20.12.18; accepted 21.01.19; published 01.04.19

Please cite as:

Chu YC, Cheng YF, Lai YH, Tsao Y, Tu TY, Young ST, Chen TS, Chung YF, Lai F, Liao WH

A Mobile Phone-Based Approach for Hearing Screening of School-Age Children: Cross-Sectional Validation Sudy
JMIR Mhealth Uhealth 2019;7(4):€12033

URL: https://mhealth.jmir.org/2019/4/€12033/

doi: 10.2196/12033

PMID: 30932870

©Yuan-Chia Chu, Yen-Fu Cheng, Ying-Hui Lai, Yu Tsao, Tzong-Yang Tu, Shuenn Tsong Young, Tzer-Shyong Chen, Yu-Fang
Chung, Feipel Lai, Wen-Huei Liao. Originally published in IMIR Mhealth and Uhealth (http://mhealth.jmir.org), 01.04.2019.
This is an open-access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work, first published in IMIR mhealth and uhealth, is properly cited. The complete bibliographic information,
alink to the original publication on http://mhealth.jmir.org/, as well as this copyright and license information must be included.

https://mhealth.jmir.org/2019/4/€12033/ JMIR Mhealth Uhealth 2019 | vol. 7 | iss. 4 | €12033 | p. 13

RenderX

(page number not for citation purposes)


http://mhealth.jmir.org/2018/4/e90/
http://dx.doi.org/10.2196/mhealth.9456
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29674310&dopt=Abstract
http://dx.doi.org/10.1044/2015_AJA-14-0093
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26649533&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0929-6646(13)00361-6
http://dx.doi.org/10.1016/j.jfma.2013.10.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24262921&dopt=Abstract
http://mhealth.jmir.org/2018/10/e186/
http://dx.doi.org/10.2196/mhealth.9560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30355558&dopt=Abstract
http://dx.doi.org/10.1097/01.aud.0000436255.53747.a4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24165302&dopt=Abstract
http://dx.doi.org/10.1044/1059-0889(2008/07-0047)
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18840703&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6468778&dopt=Abstract
http://dx.doi.org/10.1016/S0196-0709(00)80080-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10651440&dopt=Abstract
http://dx.doi.org/10.1121/1.412407
https://mhealth.jmir.org/2019/4/e12033/
http://dx.doi.org/10.2196/12033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30932870&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

