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Abstract Introduction With the need for hearing screenings increasing across multiple
populations, a need for automated options has been identified. This research seeks
to evaluate the hardware requirements for automated hearing screenings using a
mobile application.
Objective Evaluation of headphone hardware for use with an app-based mobile
screening application.
Methods For the purposes of this study, hEAR, a Bekesy-based mobile application
designed by the research team, was compared with pure tone audiometric tests
administered by an audiologist. Both hEAR and the audiologist’s test used 7 frequen-
cies (125 Hz, 250 Hz, 500 Hz, 1,000 Hz, 2000 Hz, 4,000 Hz and 8,000 Hz) adopting
four different sets of commercially available headphones. The frequencies were
regarded as the independent variable, whereas the sound pressure level (in decibels)
was the dependent variable. Thirty participants from a university in Texas were
recruited and randomly assigned to one of two groups, whose only difference was
the order in which the tests were performed. Data were analyzed using a generalized
estimating equation model at α ¼ 0.05.
Results Findings showed that, when used to collect data with the mobile app, both
the Pioneer HDJ-2000 (Pioneer, Bunkyo, Tokyo, Japan) (p > 0.05) and the Sennheiser
HD280 Pro (Sennheiser, Wedemark, Hanover, Germany) (p > 0.05) headphones
presented results that were not statistically different from the audiologist’s data
across all test frequencies. Analyses indicated that both headphones had decreased
detection probability at 4kHz and 8kHz, but the differences were not statistically
significant.
Conclusion Data indicate that a mobile application, when paired with appropriate
headphones, is capable of reproducing audiologist-quality data.
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Introduction

Hearing impairment is one the most prevalent debilitating
illnesses affecting the worldwide populations.1 The two pri-
mary populations impacted by hearing loss are those in
occupational settings and older adults (that is, those aged
65 years and older). It is estimated that approximately one-
third of Americans between the ages of 65 and 74 have
some degree of hearing loss, which increases to almost half
of the population aged 75 years and older.2 Additionally, the
aging of the baby boomers is having a dramatic effect on the
elderly population in the U.S. Data indicate that from 2012–
2050 thenumberofpersonsoverage65 isexpected todouble.3

With prevalence of hearing loss estimated at 40–80% of
individuals between the ages of 65–85 years,4 early identifica-
tion and proper management are often cited as the most
important factors in minimizing the effects of age-induced
hearing loss in thepatients’qualityof life.5These trendsamong
the aging populationwill continue to place additional burden
on the population of audiologists, which is projected to have a
shortage of qualified professionals available in coming years.6

In addition to the strain that the aging population is
placing on the community of qualified audiologists, the rates
of hearing loss among employees of governmental agencies
in the U.S. and Europe have led these groups to identify noise
exposure as a high-priority issue.7,8 In the U.S., the National
Institute for Occupational Safety and Health (NIOSH) has
designated occupational noise as a high priority research
area in their National Occupational Research Agenda
(NORA).8 Because occupationally-induced hearing loss is
frequently targeted as a major concern for employees,9 the
overall shortfall of qualified audiologists has created the
demand for valid hearing screening options for workers in
general (regardless of the industry, be it rural or urban,
public or private) and for the aging populations.10

To address this need for alternatives of assessment meth-
odologies that can accurately screen the at-risk populations,
the research team developed the hEAR mobile screening
application with the aim of producing quality automated
screening results while increasing the ease of access. This is
in linewith current research, inwhichmobile applications and
mobile software-based audiometers are becomingmore com-
monplace.11–14 Our previous work indicated the capacity of
the hEARmobile application to replicate audiologist-collected
screeningdata,butwitha strongdependenceuponheadphone
reproduction capacity.15 This study examined the use of
commercially available headphones when combined with a
full-spectrum mobile application and their capability of re-
producing audiologist-quality hearing screenings.

Methods

Participants
Thirty participants who were university students, faculty,
and staff were enrolled in the study. Twelve of the 30
participants were female, and 18 (60%) were male. While
participants’ ages ranged from 20–57 years, most were aged
25–32 years (n ¼ 18). Participants had no previously diag-

nosed hearing loss andwere required to limit noise exposure
24 hours prior to all tests. All participant recruitment,
consent, data collection, and evaluation methodologies
were reviewed and approved by the University Institutional
Review Board (IRB) for the Protection of Human Subjects.

Materials and Methods
A SamsungGalaxy Tab3.0 (Samsung, Seoul, Korea), anAndroid
device,waschosen to test thehEARmobileapplicationbecause
it is built upon the Android platform. The hEAR application
itself was designed based on the best practices for automated
screenings suggested by a variety of sources, such as theWorld
HealthOrganization (WHO),whorecommendtheBekesy-style
audiometry for self-administered hearing screenings.16 As is
best practice with these recommendations, the test tones
initiate at inaudible levels and subjects respond to the attenua-
tor control once they hear the tone.

Four sets of headphones were chosen for this study:

1. Pioneer HDJ 2000 (professional DJ)
2. Bose Quiet Comfort 25 (noise cancelling) (Bose, Framing-

ham, MA, USA)
3. Sony MDR 7506 (affordable option) (Sony, Minato, Tokyo,

Japan)
4. Sennheiser HD280 Pro (professional audiologist-quality)

Working within the OSHA and WHO guidelines, the appli-
cation automatically administered a series ofmini-trials based
on the OSHA-designated frequencies (125, 250, 500, 1,000,
2,000, 4,000, and 8,000 Hz). Each frequency was administered
a minimum of four times bilaterally. Each of these mini-trials
were administered randomly to the subject. Each participant
underwent at least 28 mini-trials; each individual frequency
collection period lasted from 27 to 33 seconds. The entirety of
one full-spectrumcollection periodwas of� 15 to 20minutes.

With the potential for false positives/negatives in the user
feedback, the application has a series of algorithms to identify
values that may be false positives/negatives in the data collec-
tion. These series of algorithms are primarily based on the
amount of deviations from normal hearing responses (dB) of
the general public at each test frequency. In this regard, the
application,upon identifyingapotential falsepositive/negative
in the data collection, automatically and randomly re-adminis-
tered the identified frequency later in the test sequence.

The study herein described was the continuation of a
previously conducted prospective cohort pilot study.15 The
pilot data indicated the presence of confounders on basis of
thehardware used, which potentially impacted in the quality
of the data collected. Thus, the purpose of this study was to
evaluateheadphoneswith different frequency responses and
sound reproduction capacities for accuracy of app-based
hearing screening data collection.

Each participant was assigned a participant ID, whichwas
a 7-digit randomnumber. Thesewere generated bya uniform
distribution random number generator for data collection/
analysis purposes. Subject trials were randomized and coun-
terbalanced so that half of the subjects initiated data collec-
tion procedures in the laboratory (Group 1) and the other
half with the audiologist (Group 2). This was done to ensure
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unbiased estimates. The scheduling of data collection was
performed at an initial meeting with a member of the
research team in which subjects completed screening ques-
tionnaires. All communication between the researchers and
the local audiologist used this identification number to
maintain participant protection standards.

In order tomeet the requirements of AppendixD of 29 CFR
1910.95, the testing procedures were performed in the
laboratories.17 Ambient sound pressure level (SPL) on each
testing cycle, for all 30 subjects, averaged 24 dBA.

Statistical Methods
The statistical analyses were performed using the software
SAS Version 13.1 (SAS Institute, Cary, NC, USA). Since the data
was non-linear, generalized estimating equations (GEE) were
used, which are appropriate for longitudinal data, data with
small sample size and data with repeated measures.18 The
outcome variable of interest was the SPL in dB. The SPL

measurements were differentiated by both the hEAR mobile
application and the pure-tone audiometry test, based on ear
side (that is., left and right ears). The preliminary analysis for
the pilot data, as well as the current data, showed that the ear
side was not significant (t ¼ 0.593, df ¼ 1,478, p ¼ 0.5532).

The means per subject, per headphone, for the respective
frequencies were calculated for a preliminary comparison
between the SPL measurements between the different cho-
sen headphones and those by the pure-tone audiometry test
(►Fig. 1). In►Figs. 2 and 3, we can observe that the counter-
balanced group that the participants were assigned to had
only a marginal effect on the overall results.

Each frequency was considered separately, and eight (8)
agreement scores were generated for each subject and head-
phone. Each agreement score was defined as the absolute
difference between the SPL response recorded by the hEAR
application and the SPL response recorded by the audiologist.
TheEq.1belowwasusedforcalculationof theagreementscores.

From these 8 scores, an average agreement score was
generated for that ID at the particular frequency. The smaller
the agreement score, the better it is. Based on the agreement
scores, if Yi was a binary random variable, at a threshold
tolerance value (Θ) of 8, defined by Eq. (2):

Eq. 3 is the resulting logistic model.

The formula for the probability of success of a headphone is
calculated based on the Eq. 1/(1 þ E^β0), whereas the

(1)

Fig. 1 Boxplots of the headphones and the audiologist’s test using
summary statistics plotted against the measured sound pressure levels
(SPL) on the Y-axis.

Fig. 2 Sound Pressure Level (SPL) means per headphone for Group 1 calculated using headphone means in SPL (dB) at each measured frequency
on the X-axis. The plotted means for headphones show similarities and differences with those measured by the audiologist’s test.

(2)

(3)
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probability of success of the subsequent headphones is
calculated based on the Eq. 1/(1 þ E^β0þβ1). Therefore, for
headphones at a particular frequency, the higher the prob-
ability of success, the better the headphones are when
compared with the others.

Results

The results show that neither the group nor the order in
which the two tests were conducted (hEAR mobile applica-
tion and audiologist’s test) significantly impacted the prob-
ability of success of the headphones (p ¼ 0.0894) (►Table 1).
In general, Group 2 (audiologist test prior to hEAR mobile
application testing) had slightly higher probability values
(Z ¼ �1.70, p ¼ 0.0894).

Analysis from the model, produced probability of success-
fully reproducing test results similar to the audiologist control
along with overall statistical significance (p-value). This was
performed for every test frequency for each set of headphones.
Thegreater theprobability, themore likely theheadphones are
to reproduce SPL responses similar to the audiologist control
when compared with the other sets of headphones.

►Table 2 indicates that, overall, the Pioneer HDJ 2000
performed the best, or it was statistically similar to the audiol-
ogist-administered test, for all frequencies (all p > 0.05). Simi-
larly, the Sennheiser HD280 Pro also performed well for all
frequencies, and it was not significantly different from the
audiologist control (all p > 0.05). According to the frequency
reproductions of the selected headphones, the accuracy of
reproduction decreases after 6,000 Hz, when used under daily,

Fig. 3 Sound pressure level (SPL) means per headphone for Group 2 calculated using headphone means in SPL (dB) at each measured frequency
on the X-axis. The plotted means for headphones show similarities and differences with those measured by the audiologist’s test. Counter-
balanced Groups (Groups 1 and 2) had marginal effect (p ¼ 0.08) on the results.

Table 1 Results of generalized estimating equation model analysis for the counterbalanced headphones and audiologist’s test of
the test initiation

Analysis of GEE parameter estimates; empirical standard error estimates

Parameter Estimate SE 95% CI Z Pr > |Z|

Intercept 10.6054 1.199 8.254 12.957 8.84 < 0.0001

Pioneer Headphones (1) 0.0175 1.462 �2.849 �2.883 0.01 0.9905

Bose Headphones (2) 8.4433 1.434 5.634 11.253 5.89 < 0.0001�

Sony Headphones (3) 6.0960 1.756 2.674 9.517 3.49 0.0005�

Sennheiser Headphones (4) �1.6569 1.403 �4.407 1.092 �1.18 0.2376

Control (Audiologist’s test) 0 0 0 0 . .

Frequency 0.0008 0.0001 0.0005 0.0011 5.53 < 0.0001

Group �0.4885 0.2876 �1.0522 0.0752 �1.70� 0.0894�

Abbreviations: CI, confidence interval; GEE, generalized estimating equation; SE, standard error.
GEE Fit Criteria: QIC ¼ 1087.4051; QICu ¼ 1054.0
�Indicates statistical significance
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normal circumstances. Additionally, in ►Fig. 1 we can see that
the boxplots for the Pioneer headphones and the audiologist’s
test show noticeable similarity with strong overlap in the data.
As results in ►Table 2 indicate, the Bose Quiet Comfort 25 and
the Sony MDR 7506 both had statistically significant results
overall, and across multiple frequencies when compared with
the audiologist control.

Discussion

The results of the study depict interesting outcomes. Both sets
of professional headphones (that is, the Pioneer HDJ 2000 and
the Sennheiser HD280 Pro) performedwell in this test, as both
have broad frequency reproduction spectrums. However, the
more day-to-day use headphones (such as the Bose Quiet
Comfort 25 and the Sony MDR 7506) did not perform as well.

The probability of success indicates that the Pioneer HDJ
2000 are the best headphones for use with the hEAR mobile
application. The Sennheiser HD 280 Pro headphones were
designed specifically for audiometric testing in noise insulated
or soundproof testing rooms to reproduce frequencies in an
accurate flat frequency response from 100 to 10,000 Hz in
noise-insulted environments. This was not the case in our
testing room, where the ambient noise levels were at almost
25 dB, well within the requirement of both OSHA and ANSI. It
was also the researchers’ experience that even though the
Sennheiser HD 280 Pro headphones are marketed as “over the
ear,” their fit can best be described as “on the ear” since several
participants commented that the ear cups did not fully cover
theirearsduring thetest. This lackofcoveragecouldpotentially
have had an effect on the overall results for the Sennheiser
headphones.

Although noise cancelling, the Bose Quiet Comfort 25
headphones are specifically designed for high bass music
listening or daily use, and also for comfort rather than for

audiometric testing.19 Therefore, even though these head-
phones were preferred by most participants due to their
comfort, they did not prove as effective for testing hearing.
The same was the case with the Sony MDR 7506.

All of the headphones used in this exercise had limitations
in accurately reproducing high frequency sounds (above
6,000 Hz). This property could be the reason for the lower
probability of success at the frequency of 8,000 Hz.

Overall, the Pioneer HDJ 2000 headphones were the best
audiometry screening option for use with the hEAR mobile
application. Therefore, they may offer a portable option for
full-spectrum audiometric screening. The Sennheiser HD280
Pro headphones, while potentially more capable than the
Pioneer HDJ 2000, may be limited to very isolated testing
environments. The Bose Quiet Comfort 25 and the SonyMDR
7506 did not have the capability of producing audiologist-
quality data when paired with the hEAR application.

Conclusions

It is important to note that there are limitations to this study.
The ambient noise in the testing environment was not tested
with an octave band analyzer, as is required bymost organiza-
tions, including OSHA.17 However, it is not expected that the
analysis with an octave band analyzer would have produced
results thatwouldhave altered the overall interpretation of the
data, as theSPLof theoverall backgroundnoisewas just24dBA.
While there is no way of accurately knowing if there was
frequency-specific interference, the research team does not
expect that octave band analysis would have significantly
changedthe resultsof thestudy.Moreevaluation isalsoneeded
for a broader test population. However, even with these
limitations, the Pioneer HDJ 2000 headphones paired with
the self-administered hEAR mobile application were able to
reproduce overall and frequency-specific results that were not

Table 2 Probability and statistical significance (p values) for test headphones

Frequency Pioneer
HDJ 2000

Bose Quiet
Comfort 25

Sony
MDR 7506

Sennheiser
HD280 Pro

125 0.6792
(p ¼ 0.0754)

0.2156
(p ¼ 0.0072�)

0.2156
(p ¼ 0.0013�)

0.4591
(p ¼ 0.0598)

250 0.7079
(p ¼ 0.0581)

0.6126
(p ¼ 0.4396)

0.4328
(p ¼ 0.0158�)

0.5788
(p ¼ 0.1485)

500 0.6987
(p ¼ 0.0913)

0.6035
(p ¼ 0.4375)

0.6987
(p ¼ 1.0000)

0.6676
(p ¼ 0.6548)

1000 0.7372
(p ¼ 0.0513)

0.6425
(p ¼ 0.4043)

0.6745
(p ¼ 0.5257)

0.7372
(p ¼ 1.0000)

2000 0.6678
(p ¼ 0.1549)

0.4140
(p ¼ 0.1041)

0.1791
(p ¼ 0.0006�)

0.5786
(p ¼ 0.3150)

4000 0.2630
(p ¼ 0.0716)

0.1150
(p ¼ 0.0367�)

0.0387
(p ¼ 0.0247�)

0.1526
(p ¼ 0.1712)

8000 0.2500
(p ¼ 0.646)

0.2500
(p ¼ 1.0000)

0.2500
(p ¼ 1.0000)

0.2500
(p ¼ 1.0000)

Overall 0.6648
(p ¼ 0.2897)

0.4122
(p ¼ 0.0271�)

0.3607
(p ¼ 0.0003�)

0.4954
(p ¼ 0.0641)

�Indicates statistical significance.
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significantly different than those of a certified audiologist in a
controlled testing environment. These results show a promis-
ing trajectory formobile automatedhearing screening options.
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