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Changing the Paradigm for School Hearing Screening 
Globally: Evaluation of Screening Protocols From Two 

Randomized Trials in Rural Alaska
Samantha Kleindienst Robler,1,2 Alyssa Platt,3,4 Cole D. Jenson,2 S. Meade Inglis,1,3,5  

Philip Hofstetter,6 Alexandra A. Ross,5,7 Nae-Yuh Wang,8,9 Alain Labrique,10  
Joseph J. Gallo,11 Joseph R. Egger,3 and Susan D. Emmett1‚3,5,7,12

Objectives: Diagnostic accuracy was evaluated for various screening 
tools, including mobile health (mHealth) pure-tone screening, tym-
panometry, distortion product otoacoustic emissions (DPOAE), and 
inclusion of high frequencies to determine the most accurate screening 
protocol for identifying children with hearing loss in rural Alaska where 
the prevalence of middle ear disease is high.

Design: Hearing screening data were collected as part of two cluster ran-
domized trials conducted in 15 communities in rural northwest Alaska. 
All children enrolled in school from preschool to 12th grade were eli-
gible. Analysis was limited to data collected 2018 to 2019 (n = 1449), 
when both trials were running and measurement of high frequencies 
were included in the protocols. Analyses included estimates of diagnos-
tic accuracy for each screening tool, as well as exploring performance 
by age and grade. Multiple imputation was used to assess diagnostic 
accuracy in younger children, where missing data were more prevalent 
due to requirements for conditioned responses. The audiometric refer-
ence standard included otoscopy, tympanometry, and high frequencies 
to ensure detection of infection-related and noise-induced hearing loss.

Results: Both the mHealth pure-tone screen and DPOAE screen performed 
better when tympanometry was added to the protocol (increase in sensi-
tivity of 19.9%, 95% Confidence Interval (CI): 15.9 to 24.1 for mHealth 
screen, 17.9%, 95% CI: 14.0 to 21.8 for high-frequency mHealth screen, 

and 10.4%, 95% CI: 7.5 to 13.9 for DPOAE). The addition of 6 kHz to the 
mHealth pure-tone screen provided an 8.7 percentage point improvement 
in sensitivity (95% CI: 6.5 to 11.3). Completeness of data for both the 
reference standard and the mHealth screening tool differed substantially 
by age, due to difficulty with behavioral testing in young children. By age 
7, children were able to complete behavioral testing, and data indicated 
that high-frequency mHealth pure-tone screen with tympanometry was 
the superior tool for children 7 years and older. For children 3 to 6 years 
of age, DPOAE plus tympanometry performed the best, both for complete 
data and multiply imputed data, which better approximates accuracy for 
children with missing data.

Conclusions: This study directly evaluated pure-tone, DPOAE, and tym-
panometry tools as part of school hearing screening in rural Alaskan 
children (3 to 18+ years). Results from this study indicate that tympa-
nometry is a key component in the hearing screening protocol, particu-
larly in environments with higher prevalence of infection-related hearing 
loss. DPOAE is the preferred hearing screening tool when evaluating 
children younger than 7 years of age (below 2nd grade in the United 
States) due to the frequency of missing data with behavioral testing in 
this age group. For children 7 years and older, the addition of high fre-
quencies to pure-tone screening increased the accuracy of screening, 
likely due to improved identification of hearing loss from noise exposure. 
The lack of a consistent reference standard in the literature makes com-
paring across studies challenging. In our study with a reference standard 
inclusive of otoscopy, tympanometry, and high frequencies, less than 
ideal sensitivities were found even for the most sensitive screening pro-
tocols, suggesting more investigation is necessary to ensure screening 
programs are appropriately identifying noise- and infection-related hear-
ing loss in rural, low-resource settings.

Key words: Child health, Hearing loss, Hearing screening, Infection-
related hearing loss, Otitis media, Otoacoustic emission screening, Pure-
tone screening, Rural health, School screening, Tympanometry.
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INTRODUCTION

Seventy million children in the world have hearing loss, and 
underserved populations are disproportionately affected (Haile 
et al. 2021). The World Health Organization (WHO) estimates 
that 60% of childhood hearing loss is preventable (World 
Health Organization 2021), with this estimate rising to 75% 
in low-resource settings where infection-related hearing loss 
is common (Smith & Boss 2010; World Health Organization 
2012; Olusanya et al. 2014). Childhood hearing loss has well-
known, lifelong effects on educational attainment, psychosocial 
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outcomes, and vocational opportunities, and treatment signifi-
cantly improves outcomes (Järvelin et al. 1997; Bess et al. 1998; 
Wake et al. 2004; Kennedy et al. 2006; Khairi Md Daud et al. 
2010; Jung & Bhattacharyya 2012; Lieu et al. 2012; Emmett & 
Francis 2015; Tomblin et al. 2015). Consequently, early iden-
tification of childhood hearing loss is crucial for prevention 
and treatment, especially in low-resource settings (Robinshaw 
1995; Moeller 2000).

School hearing screening is an essential public health 
approach to addressing childhood hearing loss (Flanary et al. 
1999; Anderson et al. 2011; Swanepoel et al. 2013; World Health 
Organization 2020). Hearing screening is particularly important 
in rural, underserved regions, where access to care is limited 
and communities often experience a high burden of infection-
related hearing loss. Rural Alaska is one such example, where 
nearly 75% of rural communities are not connected to a hospital 
by road and most physicians are concentrated in urban areas 
(Hofstetter et al. 2010; Carroll et al. 2011; Kokesh et al. 2011). 
While Alaska mandates school hearing screenings, recommen-
dations for specific screening protocols are not included in the 
mandate, and the effectiveness of existing protocols has yet to 
be evaluated (Alaska Statutes 2019).

Despite consensus on the need for school hearing screen-
ing, screening guidelines are inconsistently implemented and 
often lack the necessary scientific rigor (Anderson et al. 2011; 
Skarzynski & Piotrowska 2012; Sekhar et al. 2013; Prieve et 
al. 2015; Yong et al. 2020). A recent review of school hear-
ing screening programs globally by Yong et al. (2020) found 
the presence of screening programs to be inconsistent regard-
less of mandates, and screening protocols to be variable. The 
most common protocols included pure-tone screening, but 
specifics regarding which and number of frequencies were 
inconsistent, and the use of additional testing such as oto-
acoustic emissions (OAE), otoscopy and tympanometry var-
ied. Pure-tone screening protocols most commonly included 
0.5, 1, 2, 4 kHz, with recommendations to add 6 and 8 kHz in 
adolescents due to noise exposure (Sekhar et al. 2016). OAE 
screening was recommended only when indicated, such as 
with children who are unable to follow directions (<3 years of 
age; Anderson et al. 2011). Threshold definitions for follow-
up referral also varied, with studies and guidelines ranging 
from 25 to 40 dB HL. Most concerningly, many studies do 
not include a benchmark audiometric assessment, which is 
needed to assess diagnostic accuracy and the true prevalence 
of hearing loss among school children (Yong et al. 2020). The 
establishment of standardized evidence-based school hearing 
screening guidelines is essential to improve existing screen-
ing programs, inform policy development, drive high qual-
ity research, and better measure the impact of screening and 
treatment interventions.

To begin to address this gap, the diagnostic accuracy of 
various hearing screening protocols was evaluated. Protocols 
included mobile health (mHealth) pure-tone screening, tympa-
nometry, distortion product otoacoustic emissions (DPOAE), 
and inclusion of high frequencies against a benchmark audio-
metric evaluation for children, preschool to 12th grade. This 
evaluation was done as part of two cluster randomized trials in 
rural Northwest, Alaska that were designed to evaluate a new 
school hearing screening and follow-up process using mHealth 
and telemedicine solutions (Emmett et al. 2022). Our aim was to 
determine the most accurate screening protocol for identifying 

children with hearing loss in rural Alaska where the prevalence 
of middle ear disease is high.

MATERIALS AND METHODS

Study Design
Hearing Norton Sound comprised two cluster randomized 

controlled trials testing digital innovations to improve timely 
identification and treatment of childhood hearing loss in rural 
Alaska, with full protocols published previously (Emmett et 
al. 2019a, b). Briefly, the main trial was conducted over two 
academic years (2017 to 2019) in the 15 communities in rural 
Northwest Alaska served by the Bering Strait School District. 
In the second year of the trial, an ancillary trial was added to 
include preschool children in the 14 communities within the 
region that had preschools. All students enrolled in preschool 
and grades K–12 were invited to participate. Written consent 
and verbal child assent were obtained for all children, with 
parental consent obtained for participants younger than 18 
years of age. All participating children underwent the school 
hearing screening protocol (otoacoustic emission screening), a 
mHealth plus tympanometry screening protocol, and a bench-
mark audiometric assessment (Fig. 1). A referral was generated 
if any protocol indicated the need for follow-up testing (in other 
words, did not pass). The benchmark audiometric assessment 
completed on screening day was not used as a formal diagnostic 
assessment but as a reference standard for evaluating the accu-
racy of the screening protocols. If abnormal results were found 
on the benchmark assessment, a referral was generated similar 
to the screening protocols, and the child entered one of the two 
referral pathways, which were cluster randomized at the com-
munity level.

The hearing screening protocols and audiometric assessment 
were conducted on the same day in each of the local schools 
and preschool centers. Testing occurred in quiet rooms available 
during school hours and included empty classrooms, libraries, 
or school offices. Noise levels were monitored using function-
ality available within the equipment. Rooms were marked for 
hearing testing, and quiet signs were hung to reduce external 
noise from students. Testing was paused during the school bell 
and noisier student movement activities. If the room became 
too noisy or equipment indicated a noisy environment, testing 
was paused until the noise stopped. School staff completed the 
school hearing screening, layperson study staff completed the 
mHealth plus tympanometry screening, and audiologists com-
pleted the benchmark audiometric assessment. All study team 
members and school staff were blinded to the results of the other 
testing protocols.

The Institutional Review Boards of Alaska Area, Norton 
Sound Health Corporation, and Duke University approved 
the trial. The trials are registered with ClinicalTrials.gov 
(NCT03309553, NCT03662256).

Equipment and Procedures
School Screening Protocol  •  In Bering Strait School District, 
students are screened annually using DPOAE (Biologic AudX, 
Natus, Denmark). All school hearing equipment was calibrated 
annually per American National Standards on Acoustics (ANSI) 
requirement S3.6. The screening was automated and involved 
the screener placing a soft tip in the ear and recording a pass 
or refer for each ear. If there was too much noise or if the tip 
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was occluded, the machine prompted the screener to address the 
issue. Emissions were measured at 2, 3, 4, and 5 kHz for each 

ear using an overall pass/refer criteria in which three out of four 
frequencies had to meet predetermined criteria (Gorga et al. 

Fig. 1. Overview of protocols used for trial data collection and protocols evaluated during data analysis.

TABLE 1.  Reference standard and index tool referral criteria*

Definitions of Target Conditions*

Criteria Definition 

Middle ear disease • � Referral on otoscopy (retraction, effusion, acute otitis media, otorrhea, perforation, pres-
ence of tympanostomy tube, or external otitis) OR

• � Referral on tympanometry (type B or negative pressure <−200 daPa)
Audiometric evaluation with high 

frequency (>25 dB standard)
• � Pure-tone average >25 dB (World Health Organization 2014) (0.5, 1, 2, 4 kHz) or an indi-

vidual frequency ≥30 dB (0.5, 1, 2, 4, 6, 8 kHz); OR
• � Type B or C tympanogram (<−200 daPa) (FitzZaland & Zink 1984) OR
Audiologist-interpreted pathology on otoscopy (retraction, effusion, acute otitis media, otor-
rhea, perforation, presence of tympanostomy tube, external otitis, cerumen impaction, foreign 
body)

Audiometric evaluation with high 
frequency (≥20 dB standard)

•   �Pure-tone average ≥20 dB (World Health Organization 2021) (0.5, 1, 2, 4 kHz) in either ear 
or an individual frequency ≥30 dB (0.5, 1, 2, 4, 6, 8 kHz); OR

• � Type B or C tympanogram (<−200 daPa) (FitzZaland & Zink 1984) OR
• � Audiologist-interpreted pathology on otoscopy (retraction, effusion, acute otitis media, 

otorrhea, perforation, presence of tympanostomy tube, external otitis, cerumen impaction, 
foreign body)

Index (Screening) Tool Referral Criteria*

Evaluation Criteria for Referral

mHealth pure-tone screen • � No response at 20 dB at 1, 2, or 4 kHz on rescreen (Mahomed-Asmail et al. 2016)
High-frequency mHealth pure-

tone screen
• � No response at 20 dB at 1, 2, 4, or 6 kHz on rescreen (Mahomed-Asmail et al. 2016)

School screen (DPOAE) • � 2 or more frequencies (2, 3, 4, 5 kHz) did not meet predetermined criteria for otoacoustic 
emission (Gorga et al. 1997)

mHealth pure-tone screen plus 
tympanometry

• � No response at 20 dB at 1, 2, or 4 kHz on rescreen (Mahomed-Asmail et al. 2016) OR
• � Type B or C tympanogram (<−200 daPa) (FitzZaland & Zink 1984)

High-frequency mHealth pure-
tone screen plus tympanometry

• � No response at 20 dB at 1, 2, 4, or 6 kHz on rescreen (Mahomed-Asmail et al. 2016) OR
• � Type B or C tympanogram (<−200 daPa) (FitzZaland & Zink 1984)

DPOAE plus tympanometry • � 2 or more frequencies (2, 3, 4, 5 kHz) did not meet predetermined criteria for otoacoustic 
emission (Gorga et al. 1997)

• � Type B or C tympanogram (<−200 daPa) (FitzZaland & Zink 1984)

*All target condition definitions and referral criteria were prespecified.
DPOAE, distortion product otoacoustic emissions.
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1997), with no formal rescreen process (Table 1). School teach-
ers, typically special education teachers and support staff, com-
pleted the school screening. Training was provided to teachers 
by school administration (e.g., Director of Special Education 
Services), and technical support was provided by audiology 
staff at the Norton Sound Health Corporation, as is standard 
practice.
mHealth Plus Tympanometry Screening Protocol  •  The 
mHealth screen plus tympanometry protocol included a 
smartphone-based pure-tone hearing screening and a middle 
ear evaluation using tympanometry (FitzZaland & Zink 1984; 
Swanepoel et al. 2014; Mahomed-Asmail et al. 2016; Yousuf 
Hussein et al. 2016, 2018). Layperson study staff completing the 
screening received initial training by audiology study staff that 
included how to use the equipment, categorize tympanogram 
types, and basic troubleshooting. A protocol that screened both 
hearing and middle ear function was selected based on system-
atic reviews and practice guidelines (FitzZaland & Zink 1984; 
Prieve et al. 2015) for school screening, as well as consider-
ation of the prevalence of infection-related hearing loss in rural 
Alaska (Reed et al. 1967; Curns et al. 2002; Singleton et al.  
2009, 2018).

Pure-tone hearing screening was administered using a vali-
dated, smartphone-based hearing screening application (hearX 
HearScreen, South Africa). Before screening, each participant 
received verbal instruction and a practice session built into the 
software was performed to confirm their understanding of the 
task. Frequencies screened included 1, 2, 4, and 6 kHz, pre-
sented at 20 dB HL (with the additional higher frequency added 
in the second year of the trial; Sekhar et al. 2016). Ambient 
noise levels were monitored, and the screener was notified to 
pause testing if excessive levels were reached. A lay-friendly 
green, yellow, or red bar also continuously displayed on the 
screen throughout testing to alert the screener of noise levels. 
Any frequency that did not elicit a response was rescreened at 
the end of initial screening (Mahomed-Asmail et al. 2016). A 
referral was generated if there was no response to any frequency 
in either ear on the rescreen (Table 1).

Tympanometry was performed with a diagnostic tympanom-
eter set to screening mode (Otoflex 100, Otometrics, Denmark). 
A referral was generated in the case of a flat (Type B) tympa-
nogram or negative pressure <−200 daPa (Table 1; FitzZaland 
& Zink 1984; Lyons et al. 2004). All study equipment was cali-
brated annually per ANSI requirement S3.6.
Benchmark Audiometric Assessment  •  On hearing screening 
day, an audiometric assessment was performed on all participants 
to provide a reference standard for the screening protocols. This 
assessment included diagnostic audiometry using Shoebox, a 
validated mHealth tablet audiometer (Shoebox Audiometry, 
Clearwater Clinical, Canada; Thompson et al. 2015), tympa-
nometry (Otometrics Otoflex 100, Denmark), and digital otos-
copy (Otometrics Otocam, Denmark). For pure-tone testing (air 
and bone), participants were given verbal instructions to raise 
their hand when they heard a beep. A practice tone was given at 
1000 Hz to confirm understanding of the task. Following stan-
dard practice in audiometric assessment, each threshold was 
obtained and then confirmed during testing to ensure reliability. 
Study team members who are trained audiologists performed 
the assessment. They were blinded to the results of the other 
screening protocols. Air conduction thresholds were assessed 
at 0.5, 1, 2, 4, 6, and 8 kHz (with the higher frequencies added 

in the second year of the trial). Referrals from diagnostic audi-
ometry were generated for any single air conduction threshold 
≥30 dB HL, or a pure-tone average (PTA) of >25 dB HL (0.5, 1, 
2, and 4 kHz) (World Health Organization 2014). If maximum 
ambient noise levels were reached, a notification was sent to the 
audiologist who paused testing. Individual thresholds ≥30 dB 
HL were included in the referral criteria to capture middle ear 
disease and/or noise-induced hearing loss that may only affect 
one frequency. Bone conduction testing was performed if the 
corresponding air conduction threshold exceeded 25 dB HL.

Tympanometry and digital otoscopy were performed by the 
audiologist. Type B (flat) tympanograms or Type C (negative 
pressure <−200 daPa) generated a referral. Digital otoscopy was 
performed, with pathological findings (e.g., occluding cerumen, 
retraction, effusion, acute otitis media, otorrhea, perforation, 
patent or plugged tube, external otitis, foreign body) generating 
a referral at the discretion of the audiologist. See Table 1 for 
a summary of referral criteria for the screening protocols and 
benchmark audiometric assessment. All study equipment was 
calibrated annually per ANSI requirement S3.6.

Statistical Analysis
This study evaluated the diagnostic accuracy of 6 variations 

of the two screening protocols from the second year of the trial 
(Fig. 1 and Table 1):

	 1.	 Tool 1: mHealth pure-tone screening (1, 2, 4 kHz) alone
	 2.	 Tool 2: High-frequency mHealth pure-tone screening (1, 

2, 4, 6 kHz)
	 3.	 Tool 3: DPOAE
	 4.	 Tool 4: mHealth pure-tone screening (1, 2, 4 kHz) with 

tympanometry
	 5.	 Tool 5: High-frequency mHealth pure-tone screening (1, 

2, 4, 6 kHz) with tympanometry
	 6.	 Tool 6: DPOAE with tympanometry

This analysis included an estimation of the diagnostic accu-
racy of each of the six protocol variations, quantification of the 
differences between diagnostic accuracy of various protocols, 
and an exploration of differential accuracy by age group, defined 
by an evaluation of missing data (age 3 to 6 versus 7 years of 
age and older), and grade (preschool to 1st versus 2nd grade 
and up). Differences were explored by age due to the higher 
prevalence of middle ear disease and the difficulty of obtaining 
behavioral responses in the youngest children. Analyses were 
limited to data from the second year of the main trial due to the 
addition of the ancillary trial for preschool children and high-
frequency data in year 2 (2018 to 2019).

In March of 2021, the WHO published new guidelines by 
which to judge the presence of hearing loss in children (World 
Health Organization 2021), specifying that the cutoff for hear-
ing loss be lowered to a PTA of at least 20 dB HL from the 
previous version of a PTA greater than 25 dB HL (World Health 
Organization 2014). Both the new and former WHO definitions 
of hearing loss were included in this analysis.

Confusion matrices were presented for all index screening 
tools, with STARD diagrams constructed for each index proto-
col to illustrate sample flow from eligibility to formation of the 
analytic sample, consistent with STARD guidelines (Bossuyt et 
al. 2016).

Diagnostic accuracy statistics included calculations of sen-
sitivity (Se), specificity (Sp), positive predictive value (PPV), 
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negative predictive value (NPV), Youden index, likelihood ratio 
for positive test results (LR+), likelihood ratio for negative test 
results (LR−), and percent concordance (overall accuracy). All 
diagnostic accuracy statistics were calculated at the level of 
the ear. Because accuracy statistics were computed at the level 
of the ear, clustering in outcomes (by child) is likely and was 
accounted for by calculating each statistic using generalized 
estimating equations (GEE; Leisenring et al. 1997; Rutter 2000; 
Genders et al. 2012). GEE regressions were specified with bino-
mial distribution with identity link and an independence work-
ing correlation matrix. Details of the regression specification 
and calculation of each type of diagnostic accuracy statistic can 
be found in the Supplemental Digital Content, http://links.lww.
com/EANDH/B85. Differences in mean estimates were calcu-
lated between tools, with 95% confidence intervals constructed 
using bootstrapping (Leisenring et al. 1997; Rutter 2000). See 
Supplemental Digital Content, http://links.lww.com/EANDH/
B85, for further details on the methods.

Our benchmark assessment was defined using referral status 
based on a PTA greater than 25 dB HL on 0.5, 1, 2, and 4 kHz 
tones or findings of any individual tone of at least 30 dB HL 
on 0.5, 1, 2, 4, 6, or 8 kHz tones for audiometry (World Health 
Organization 2014), pathological findings on otoscopy, or Type 
B or C findings on tympanometry (see Table 1 for detailed defi-
nition). To be used as benchmark data for complete case analy-
sis, at least three tones were required (0.5, 1, 2, or 4 kHz) to 
be nonmissing and at least two high-frequency tones (4, 6, or 
8 kHz) to be nonmissing. In addition, both tympanometry and 
otoscopy were required to have nonmissing values.

Exploratory analyses were conducted using alternative refer-
ence standard definitions: (1) a benchmark audiometric evalu-
ation with referral thresholds of ≥20 dB HL (current WHO 
definition for hearing loss); and (2) using middle ear disease as 
the referent condition. Diagnostic accuracy was also analyzed 
by age (3 to 6 years versus 7 years of age and older) by introduc-
ing interaction terms to our regressions to calculate stratified 
accuracy statistics.

The original study was not specifically powered to detect a 
particular precision for the calculation of diagnostic accuracy; 
thus, no justification for study sample size is presented.

Missing Data
Missing reference data were expected to be more prevalent 

in younger participants due to requirements for conditioned 
response process for audiometry (the reference standard). It is 
also plausible that children with a history of hearing loss and/
or middle ear disease are more likely to experience cognitive 
delay, resulting in the inability to condition and provide refer-
ence data, which may lead to a bias in some diagnostic accuracy 
statistics (Se, Sp, PPV, NPV; Whiting et al. 2004; Naaktgeboren 
et al. 2016). Therefore, as a sensitivity analysis, a multiple 
imputation process was implemented using chained equations 
(White et al. 2011) to produce an alternative set of estimates 
for each diagnostic accuracy metric (Naaktgeboren et al. 2016). 
Two variations of the analysis with imputation were performed. 
First, accuracy statistics were calculated using a multiply 
imputed reference standard but assumed any missing index tool 
component had a “pass” status. This was to accurately reflect 
the ability of the screening tool to identify ear/hearing pathol-
ogy in the field (e.g., inability to obtain behavioral responses 

for pure-tone testing). Second, multiple imputation was used 
for both reference standard and index tool to estimate what the 
accuracy of the screening tool might have been if there were 
no missing data. Details of the multiple imputation process can 
be found in the Supplemental Digital Content, http://links.lww.
com/EANDH/B85.

All analyses were conducted using Stata SE version 17 
software.

RESULTS

Baseline Characteristics of the Analytic Sample
In year 2 of the trial, 1449 children were screened (1034 

rescreened from the first study year, 262 new K–12 partici-
pants in the second study year, and 153 preschool children; see 
Fig. 2), of whom 1318 had benchmark audiometric assessments 
(reference standard) in at least 1 ear. Participant flow for each 
of the index screening protocols can be found in Figures 1–6, 
Supplemental Digital Content, http://links.lww.com/EANDH/
B86.

Baseline characteristics of children screened in year 2 can be 
found in Table 2. The median age for children in the sample was 
10 years old, with 71.2% of the sample below age 13. Slightly 
more participants were male (n = 777, 54%), most were Alaska 
Native (n = 1389, 96%), and most had at least 1 caregiver with 
a high school diploma or GED (n = 1,347, 95%). Based on the 
audiometric assessment, a  total of 147 (10%) children had a 
mild hearing loss or greater (PTA of >25 dB HL at 0.5, 1, 2, 
4 kHz) in at least 1 ear, and 246 (17%) had middle ear disease. 
Overall, nearly 8% of children had both middle ear disease 
and hearing loss, while 9.2% had middle ear disease with no 
hearing loss, and 2.8% had hearing loss without middle ear 
disease. A comparison of baseline characteristics for children 
with and without missing reference standard data is provided 
in Table 1, Supplemental Digital Content, http://links.lww.com/
EANDH/B89. Children with missing data were more likely to 
be younger and have middle ear disease. Though missing data 
were less prevalent for DPOAE and tympanometry screening 
components, ears that had missing data for one of the tools 
were more likely to have pathological findings on the other tool 
(Table 2, Supplemental Digital Content, http://links.lww.com/
EANDH/B89).

Diagnostic Accuracy
Concordance between index tools and the audiometric 

assessment (reference standard) ranged from 83 to 87% for 
complete case data (Table 3). The mHealth screen plus tympa-
nometry (MS + Tymp) and high-frequency mHealth screen with 
tympanometry (HF MS + Tymp) had the highest concordance 
(86.9 and 87.4%, respectively). See Table 3, Supplemental 
Digital Content, http://links.lww.com/EANDH/B89 for confu-
sion matrices for each of the screening tools compared with the 
full audiometric evaluation with high frequencies.

All diagnostic accuracy measures were completed using 
complete case data and two variations of multiple imputa-
tion: (1) full imputation of both reference standard and index 
tools; and (2) imputation of reference standard with missing 
index tools set to “pass,” to more accurately reflect the ability 
of the screening tool to identify ear/hearing pathology in the 
field (e.g., mimicking the real-world scenario where an inability 
to obtain behavioral responses for pure-tone testing results in 
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children not actually receiving a referral). Sensitivity, specific-
ity, PPV, NPV, LR+, LR−, and Youden index are presented in 
Table  3 for complete case data and in Table 4, Supplemental 
Digital Content, http://links.lww.com/EANDH/B89, for the 
variations of multiple imputation. Results for each index tool 
are described later with a focus on the sensitivity of each tool in 
detecting hearing loss as defined by WHO (PTA of >25 dB HL) 
and/or middle ear disease as defined by pathological findings on 
otoscopy/tympanometry.

Diagnostic accuracy results were also evaluated by age 
using complete case and multiple imputation. It is well known 
that younger children may not be able to condition for behav-
ioral audiometry. It is also known that younger children are 
more likely to have middle ear disease and infection-related 
hearing loss. For these reasons, it is expected to have miss-
ing data for reference and index tools that require behavioral 
responses. Figure  3 shows the proportion of children with 

missing data by age and grade for each component of the 
index tools (e.g., otoscopy, tympanometry, number of frequen-
cies obtained). The proportion of children with any missing 
data for any ear was higher for children younger than 7 years 
of age (1st grade and below) compared with children ages 7 
and older. As expected, the age-related pattern of missing data 
was most prominent in components of the reference standard 
and in index tools that required behavioral responses (e.g., 
pure-tone screening). Conversely, there was a low and con-
sistent amount of missing data across all ages for objective 
measurements (e.g., DPOAE, tympanometry). Based on the 
observed cut point of increased missing data younger than age 
7, diagnostic accuracy results were stratified by age group (3 
to 6 years and 7 years and older) and are described for each of 
the index tools later. Diagnostic accuracy metrics stratified by 
age are displayed in Figure 4A, B and are described later for 
each index tool.

Fig. 2. STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) diagram for inclusion in study sample from main trial and ancillary 
trial. Final analytic study sample highlighted in red.
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Tool 1: mHealth Pure-Tone Screening (1, 2, 4 kHz) 
Alone  •  The sensitivity and specificity for the mhealth screen-
ing (MS) using complete case data was 40.3% (36.2 to 44.5) 
and 94.9% (93.9 to 95.9), respectively (Table 3). MS had the 
lowest sensitivity compared with the other index tools and the 
highest specificity, although specificity was greater than 90% 
for all the index tools. Overall, sensitivity and specificity of MS 
using multiple imputation for all children was similar to com-
plete case findings (see Table 4, Supplemental Digital Content, 
http://links.lww.com/EANDH/B89). When evaluating diagnos-
tic accuracy by age (Tables 4 and 5), sensitivity of MS dropped 
17.9 percentage points in children 3 to 6 years of age compared 

with all children and was essentially unchanged for children 7 
years of age and older. Using the fully imputed reference stan-
dard and index data to account for missing data in the youngest 
children (Fig. 4A), results suggested slightly higher sensitivity 
for children 3 to 6 years of age (orange open circles) than for 
older children. However, when the missing index tool was set to 
“pass,” the sensitivity went down (open orange triangles), indi-
cating lower sensitivity in real-world settings. When evaluating 
test performance by age, a heatmap was used to assess differ-
ences in sensitivity, specificity, and Youden index for the two 
age groups using complete case data (Fig. 5A, B; see Figures 
7–10, Supplemental Digital Content, http://links.lww.com/
EANDH/B87, for multiply imputed data), with MS showing the 
lowest performance. For middle ear disease, MS was the least 
sensitive (45.7%, 40.4 to 51.0) compared with the other index 
tools using complete case data (Table 3).
Tool 2: High-Frequency mHealth Pure-Tone Screening 
(1, 2, 4, 6 kHz)  •  The sensitivity and specificity for the high-
frequency MS (HF MS) using complete case data was 49.1% 
(44.8 to 53.3) and 93.7% (92.6 to 94.8), respectively (Table 3) 
and were similar using multiple imputation (see Table 4, 
Supplemental Digital Content, http://links.lww.com/EANDH/
B89). When evaluating diagnostic accuracy by age (Tables  4 
and 5), sensitivity of HF MS dropped 26.7 percentage points 
in children 3 to 6 years of age compared with all children and 
remained unchanged for children 7 years of age and older. 
Similar to MS, when using the fully imputed reference stan-
dard and index data to account for missing data in the youngest 
children (Fig. 4A), results for HF MS suggested slightly higher 
sensitivity for children 3 to 6 years of age (orange open circles) 
than for older children, but when the missing index tool was set 
to “pass,” the sensitivity dropped (open orange triangles).
Tool 3: DPOAE  •  The sensitivity and specificity for 
DPOAE screening using complete case data was 57.7% (53.5 
to 61.8) and 91.3% (90.1 to 92.6), respectively (Table  3). 
When evaluating diagnostic accuracy by age (Tables 4 and 
5), sensitivity was essentially the same for children 3 to 6 
years of age and children 7 years of age and older compared 
with all children. For detecting middle ear disease, DPOAE 
was more sensitive (67.6%, 62.8 to 72.4) than MS or HF MS 
but not as sensitive as index tools that included tympanom-
etry (Table 3).
Tool 4: mHealth Pure-Tone Screening (1, 2, 4 kHz) With 
Tympanometry  •  The sensitivity and specificity for the mhealth 
pure-tone screening with tympanometry (MS + Tymp) using com-
plete case data was 60.2% (56.0 to 64.4) and 94.0% (92.9 to 95.0), 
respectively (Table  3) and was similar using multiple imputa-
tion (see Table 4, Supplemental Digital Content, http://links.lww.
com/EANDH/B89). When evaluating diagnostic accuracy by age 
(Tables 4 and 5), sensitivity of MS + Tymp increased by 6.5 per-
centage points in children 3 to 6 years of age compared with all 
children and remained essentially unchanged for children 7 years 
of age and older. The primary driver of the increase in sensitivity 
of MS + Tymp for children 3 to 6 years of age was tympanometry, 
with little gained from using multiple imputation to address miss-
ing behavioral data in the youngest children (Fig. 4A, B).
Tool 5: High-Frequency mHealth Pure-Tone Screening (1, 
2, 4, 6 kHz) With Tympanometry  •  The sensitivity and speci-
ficity for the high-frequency mhealth pure-tone screening with 
tympanometry (HF MS + Tymp) using complete case data was 
67.0% (63.0 to 71.0) and 92.8% (91.6 to 93.9), respectively 

TABLE 2.  Baseline sociodemographics and clinical character-
istics of participants (N = 1449)

 All Screened, N (%) 

Child age  
  Mean (SD) 9.91 (4.08)
  Median (Q1, Q3) 10.0 (7.0, 13.0)
Child age range  
  3–6 346 (23.9%)
  7–9 369 (25.5%)
  10–12 317 (21.9%)
  13–15 247 (17.1%)
  16+ 169 (11.7%)
  Missing 1
Age at screening  
  3–6 346 (23.9%)
  7+ 1102 (76.1%)
  Missing 1
  Female 671 (46.3%)
  Missing 1
American Indian or Alaska Native 1389 (95.9%)
Grade level  
  Preschool 153 (10.6%)
  K–5 705 (48.7%)
  6–8 304 (21.0%)
  9–12 287 (19.8%)
Grade at screening  
  Preschool–1st 383 (26.4%)
  2nd–12th 1066 (73.6%)
Highest education level of any care-

giver
 

  <12 grade 76 (5.3%)
   HS diploma or GED 915 (64.3%)
  Some college 290 (20.4%)
  College degree 142 (10.0%)
  Missing 26
HL severity  
  No hearing loss in either ear 1244 (89.4%)
  Mild (PTA >25–40 dB) 127 (9.1%)
  Moderate+ (PTA 41+ dB) 20 (1.4%)
  Missing 58
MED  
  No 1193 (82.9%)
  Yes 246 (17.1%)
  Missing 10
Combined HL and MED status (>25 dB)  
  No MED, no HL 1114 (80.3%)
  MED, no HL 127 (9.2%)
  HL, no MED 39 (2.8%)
  MED + HL 107 (7.7%)
  Missing 62

GED, general educational development; HL, Hearing loss; HS, high school; K, kindergar-
ten; MED, Middle ear disease; PTA, pure-tone average.
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(Table 3). The HF MS + Tymp had one of the two highest com-
bined sensitivities and specificities (Youden index = 59.8%, 
55.6 to 63.9), along with DPOAE plus tympanometry (DPOAE 
+ Tymp; Youden index = 58.6%, 54.5 to 62.8), compared with 
the other index tools. Sensitivity and specificity of HF MS + 
Tymp using complete case data were similar using multiple 
imputation (see Table 4, Supplemental Digital Content, http://
links.lww.com/EANDH/B89).

When evaluating diagnostic accuracy and test performance 
by age (Tables  4 and 5), sensitivity of HF MS + Tymp was 
essentially the same for children 3 to 6 years of age and chil-
dren 7 years of age and older compared with all children. For 
children 7 years of age and older, complete case results (solid 
blue circles) suggest HF MS + Tymp had the highest sensitivity 
at 67.0% (62.7 to 71.3; Table  5), though differences between 
DPOAE + Tymp and high-frequency mHealth plus tympanom-
etry were within the bounds of random variation (difference in 
sensitivity = 0.4%, −3.6 to 4.6; Fig.  5A). This was also seen 
on Youden index, which combines sensitivity and specificity 
together (Fig. 4B); performance was slightly better for HF MS 
+ Tymp compared with DPOAE + Tymp in children 7 years of 
age and older (Youden index = 59.8%, 55.3 to 64.3; Fig. 4B; 
solid blue circles) compared with DPOAE + Tymp (difference = 
3.4%, −1.1 to 7.6; Fig. 5B; solid blue circles).
Tool 6: DPOAE With Tympanometry  •  The sensitivity and 
specificity for DPOAE + Tymp screening using complete case data 

was 68.1% (64.1 to 72.1) and 90.5% (89.3 to 91.8), respectively 
(Table 3). Similar to HF MS + Tymp, DPOAE + Tymp yielded one 
of the highest sensitivities and specificities (Youden index = 58.6%, 
54.5 to 62.8) compared with the other index tools and results were 
similar using multiple imputation (see Table 4, Supplemental Digital 
Content, http://links.lww.com/EANDH/B89).

When evaluating diagnostic accuracy by age using com-
plete case data (Tables  4 and 5), sensitivity of the DPOAE + 
Tymp performed 10.2 percentage points better in children 3 to 
6 years of age (Table 4)  compared with all children  (Table 3) 
and was essentially unchanged for children 7 years of age and 
older (Table 5). DPOAE + Tymp was the most sensitive index test 
for children 3 to 6 years old (Se = 78.3%‚ 68.5 to 88.0; Table 4), 
with 11.6 percentage point (3.7 to 21.0) higher sensitivity than 
the next most sensitive instruments (MS + Tymp and HF MS + 
Tymp; Fig. 5A, heatmap). For children 3 to 6 years old, DPOAE 
alone contributed 55.7% in sensitivity (41.1 to 67.4), with tym-
panometry providing the additional 22.5% (11.5 to 34.0) sen-
sitivity (Fig.  5A). For comparison, tympanometry contributed 
44.3% in sensitivity (28.8 to 57.4) when combined with HF MS 
in the youngest children. For older children (Fig. 5A; upper right 
panel), tympanometry performed similarly with the HF MS and 
DPOAE index tools, adding 14.2% (10.5 to 17.7) and 13.7% (8.8 
to 19.8), respectively, suggesting that tympanometry is driving 
sensitivity for younger children due to worse performance with 
behavioral testing.
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Fig. 3. Proportion of children with any data missing for various screening and evaluation components. CNE indicates could not evaluate; OAE, otoacoustic 
emissions.
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For children 3 to 6 years old, higher performance for the 
DPOAE + Tymp was also seen in Youden index, which combines 
sensitivity and specificity (Youden index = 72.0%, 62.0 to 82.1; 
Fig. 4B; solid orange circles), compared with HF MS + Tymp 
(difference = 12.5%, 3.7 to 22.8; Fig. 5B, heatmap). The reverse 
was true for older children, with HF MS + Tymp having the high-
est Youden index (59.9%, 55.3 to 64.3) compared with DPOAE + 
Tymp (Fig. 4B; solid blue circles; difference = 3.4%, −1.1 to 7.6).

For the detection of middle ear disease, DPOAE + Tymp had 
the highest sensitivity (88.2%, 84.8 to 91.5) compared with all 
the other index tests using complete case data (Table 3).

Diagnostic Accuracy by Grade
Diagnostic accuracy results compared by grade were similar 

to results stratified by age. See Tables 5–6, Supplemental Digital 
Content, http://links.lww.com/EANDH/B89, and Figures 11–14, 
Supplemental Digital Content, http://links.lww.com/EANDH/
B88, for results presented by grade, which are grouped preschool 
to first grade (multiply imputed) and second grade and up (com-
plete case).

Diagnostic Accuracy by Threshold Definition
The WHO established a new definition of hearing loss after 

the completion of this study, changing from a PTA of > 25 dB 
HL at 0.5, 1, 2, 4 kHz to ≥20 dB HL (a 10 dB difference; World 
Health Organization 2021). Despite using the former WHO defi-
nition of hearing loss in the study protocol, diagnostic accuracy 
by index tool was also evaluated using the new WHO definition 
for children 7 years of age and older. This analysis was limited to 
older children because more specific threshold data were obtained 
for older children (e.g., below 20 dB HL) compared with younger 
children, where often if 20 dB HL response was obtained (normal 
per study protocol), additional threshold testing was not done in 
these more difficult to test children. The pattern of results for the 
older children using the new ≥20 dB HL definition paralleled 
findings using the 25 dB HL definition, with the mHealth screen 
plus tympanometry and DPOAE plus tympanometry demonstrat-
ing the highest sensitivity (Table 5), and differences between the 
two falling within the range of random variation (difference = 
0.2%, −3.9 to 4.4). However, overall sensitivity was reduced by 
about 5 to 10 percentage points across the index tools.
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standard (with missing index tools as “pass”), and fully multiply imputed data (missing reference and index tools imputed). B, Youden index, positive and 
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y, 7+ y), based on complete case analysis (full circles), multiply imputed reference standard (with missing index tools as “pass”), and fully multiply imputed 
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screen plus tympanometry; MI, multiple imputation; MS + Tymp, mHealth screen plus tympanometry; PTA, pure-tone average.
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DISCUSSION

To our knowledge, this study includes the largest dataset 
that directly evaluated both behavioral pure-tone screening, 
objective OAE screening, and the inclusion of tympanometry 
for screening a large age range of children (3 to 18+ years of 
age) in a rural underserved area. Findings from this study, con-
ducted in a rural Alaskan population, highlight the importance 
of incorporating tympanometry into screening protocols in 
rural environments with high prevalence of infection-related 
hearing loss. Findings also suggest the importance of adding 
high frequencies to the pure-tone screening to ensure identifi-
cation of noise-induced hearing loss. Our data indicate a clear 
age cutoff (younger than 7 years) when OAEs are the preferred 
screening tool due to the degree of missing behavioral screen-
ing data among younger children who cannot reliably complete 
pure-tone testing.

The accuracy of two hearing screening protocols and their 
various components (mHealth pure-tone screening, DPOAE, 
tympanometry, and addition of high frequencies) were evalu-
ated against a benchmark audiometric evaluation that included 
otoscopy, tympanometry, and pure-tone hearing testing. The 
mHealth pure-tone screen with high-frequency plus tympanom-
etry (HF MS + Tymp) performed the best in children 7 years of 
age and older (2nd grade and up) and was more accurate than the 
school screening (DPOAE alone). In contrast, the DPOAE plus 
tympanometry (DPOAE + Tymp) protocol performed strongest 

in the youngest children (3 to 6 years of age), an age group 
that had difficulty completing the behavioral hearing screen-
ing and assessment. Despite limited evidence in the literature 
supporting the addition of tympanometry to the hearing screen-
ing protocol (Roberts 1976; FitzZaland & Zink 1984; Lyons et 
al. 2004), adding tympanometry to either DPOAE or mHealth 
pure-tone screening notably improved sensitivity in this rural 
Alaskan population where 9.2% of children had middle ear dis-
ease without hearing loss (PTA > 25 dB).

In general, sensitivity to hearing loss ranged from 40 to 
68% for all variations of the screening protocols, which is 
lower than most of the previous literature (Prieve et al. 2015). 
However, the reference standard used, testing environment 
(sound booth versus field testing), and screening protocols in 
prior studies have all varied. A benchmark audiometric assess-
ment that was inclusive of otoscopy and tympanometry was 
used. The comprehensive nature of our benchmark assessment 
may have contributed to the mHealth pure-tone screen alone 
yielding the lowest sensitivity (40.3%) in our analysis, which 
is lower than the 75% sensitivity previously reported using 
the same mHealth pure-tone screening in 1070 school-aged 
children (5 to 12 years of age; Mahomed-Asmail et al. 2016). 
There is an overall lack of consensus on what the reference 
standard should be, with most studies using various definitions 
of pure-tone testing (Prieve et al. 2015). Our comprehensive 
reference standard was used to ensure screening protocols are 
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detecting children with hearing loss and/or middle ear disease 
in populations with high prevalence of infection-related hear-
ing loss.

The addition of the 6 kHz high frequency to the mHealth 
pure-tone screen added 8.8 percentage points to sensitiv-
ity. Sekhar et al. (2016) found that adding 6 and 8 kHz to the 
standard pure-tone screening protocol of 0.5, 1, 2, and 4 kHz 
resulted in a 20-point jump in sensitivity from 58.1% (42.1 to 
73.0) to 79.1% (64.0 to 90.0; p value = 0.003) and a nearly 
19-point jump when adding 6 kHz only (76.7%, 61.4 to 88.2; 
p value 0.005). Conversely, the authors found a corresponding 
10-point drop in specificity with the addition of high frequen-
cies (91.2%, 83.4 to 96.1 to 81.3%, 71.8 to 88.7 for 6 and 8 kHz 
and 84.6%, 75.5 to 91.3 for 6 kHz), while only a 1.2 dB drop in 
specificity was found when adding 6 kHz (94.9%, 93.9 to 95.9 
to 93.7%, 92.6 to 94.8). In our study, adding 6 kHz to the hear-
ing screening increased sensitivity while preserving specificity.

The DPOAE screening alone had a sensitivity of 57.7% 
for hearing loss and performed better than mHealth pure-
tone screening alone when evaluated across all children in our 
study. Few studies have directly compared OAE and pure-tone 

screening in the school environment (Sabo et al. 2000; Sliwa 
et al. 2011). These two studies looked at age ranges of 5 to 9 
years (Sabo et al. 2000) and 10 to 14 years (Sliwa et al. 2011) 
and had variable results, which ultimately suggested that pure-
tone screening performed better than OAE. However, pure-tone 
audiometry requires children to provide reliable behavioral 
responses. For younger children or for those who are difficult to 
test, pure-tone screening is often not possible. Children younger 
than 7 years of age (1st grade and below) were less likely to be 
able to complete behavioral testing, and thus, DPOAE was the 
more reliable and accurate assessment of hearing loss. This was 
evident in our data when evaluating the performance of each of 
the screening tools by two age groups: younger children (3 to 6 
years) and older children (7 years of age and older).

To estimate performance in younger children where there 
were missing data due to the inability for younger children 
to compete behavioral responses, alternative estimates were 
obtained using two methods to account for missing data: one 
that estimated all missing reference standard data based on 
other available information (assuming one could obtain results 
for the index tool) and another that approximated real-world 
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Fig. 5. Heatmap of differences between index tools. A, Heatmap of differences (with 95% confidence intervals) in sensitivity, specificity between index tools, 
using a full audiometric evaluation including high-frequency tones as gold standard (>25 dB criteria), with estimates stratified by age group (3 to 6, 7+) using 
complete case data and cluster bootstrapping with percentile confidence intervals. B, Heatmap of differences (with 95% confidence intervals) in Youden index 
between index tools, using a full audiometric evaluation including high-frequency tones as gold standard (>25 dB criteria), with estimates stratified by age 
group (3 to 6, 7+) using complete case data and cluster bootstrapping with percentile confidence intervals. DPOAE indicates distortion production otoacous-
tic emissions; DPOAE_Tymp, distortion product otoacoustic emissions with tympanometry; MS, mHealth screen; MS HF, High frequency mHealth screen; 
MS_tymp, mhealth Screen with tympanometry; MS_HF_Tymp, high frequency mHealth screen with tympanometry.
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accuracy by setting the missing index results to “pass” (e.g., 
treating missing data as a failure in the ability to obtain a “refer” 
status in some children). While sensitivity estimates for  the 
mHealth pure-tone screen increased for young children when 
using the full imputation analysis (from 22.4 to 28.6%), sensi-
tivity decreased to 16.8% when setting the missing screening 
results to “pass,” which is thought to closer approximate how 
the tool might perform in the real world in children from 3 to 6 
years of age. Ultimately, these low sensitivities, even with sta-
tistical estimates for how these index tools would perform if 
results were obtained, suggest that behavioral hearing screening 
measures in children 3 to 6 years of age are not appropriate, and 
objective measures, such as OAE, are necessary.

The addition of tympanometry to the DPOAE and the mHealth 
pure-tone screen resulted in a 10- and 18-point improvement in 
sensitivity, respectively. Our results are consistent with those of 
Lyons et al. (2004), who found that the addition of tympanome-
try enhanced hearing screening performance in a sample of 1003 
children 5 to 6 years old. The prevalence of middle ear disease in 
their sample was 13.2%, while our total sample (n = 1449, pre-
school to 12th grade) had a prevalence of middle ear disease of 
17.1%. Among the children referred by tympanometry in Lyons’ 
et al study, 65% passed pure-tone screening (pure-tone threshold 
>25 dB HL at 0.5, 1, 2, 4 kHz in at least 1 ear), corroborating our 
conclusion of the essential role of tympanometry in detecting 
middle ear disease in screening programs.

Finally, the importance of the definition of hearing loss for 
pure-tone screening and the implications for diagnostic perfor-
mance should not be overlooked. The WHO recently published 
new guidelines that lower the definition for hearing loss to a 
PTA of ≥20 dB HL from the previous definition of a PTA >25 
dB HL: a difference of 10 dB. Lowering the cutoff value, in 
theory, would reduce the number of children missed. However, 
school screening becomes logistically difficult at these levels 
due to the lack of sound-treated rooms (Driscoll et al. 2001; 
Lyons et al. 2004). Furthermore, a change in definition has an 
impact on screening protocols. At the time of our study, the 
WHO definition of hearing loss was PTA >25 dB. To maintain 
consistency with the study protocol but also report data that are 

comparable for future work, the performance of both the new 
and former WHO definitions in older children were evaluated. 
However, there are some inherent weaknesses in using the new 
definition with data from our study. In the youngest children, 
who were difficult to condition and fatigued quickly, study audi-
ologists did not test below normal hearing as defined at the time. 
In other words, reliable responses at 20 dB HL were marked 
as threshold and considered normal hearing; however, using 
the new definition, these potentially suprathreshold responses 
could be artificially inflating the prevalence of hearing loss for 
the youngest children. Thus, a comparison using the new defini-
tion was feasible only for older children in our study and not 
possible for younger children.

The new WHO definition for hearing loss of ≥20 dB HL 
decreased the overall sensitivity across the index tools by 5 to 10 
dB, with the tool with the highest sensitivity (HF MS + Tymp) 
decreasing by about 10 percentage points when compared with 
the 25 dB HL definition. This is due to both the protocol used for 
our study at the time, as well as the limits of the screening tools 
used. For the mHealth pure-tone screen, children were screened 
at 20 dB, with a positive response at all frequencies resulting in a 
pass. The screening protocol would need to be changed to screen 
at 15 dB HL across frequencies to accurately screen using the 
new WHO definition of hearing loss, and this low threshold may 
pose challenges with reliability in the absence of a sound-treated 
environment. The new WHO definition exceeds the limits of the 
DPOAE screening tool, where performance is best when normal 
hearing is defined as audiometric thresholds between 20 and 30 
dB HL (Gorga et al. 1997). One can expect to see performance 
of both tools decrease with the more stringent definition for 
hearing loss. Future research in school-based hearing screenings 
will need to take the new WHO definition of hearing loss into 
consideration and accommodate for ambient noise experienced 
in the field (e.g., ANSI-standard headphones).

Limitations
There were significant missing data for younger children who 

could not perform behavioral pure-tone testing. Thus, multiple 
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imputation was conducted to understand how each of these tools 
might perform, particularly in the younger age group (3 to 6 
years), where behavioral responses could not be obtained, and 
results were not missing at random. However, the ability of mul-
tiple imputation to produce unbiased estimates relies on the avail-
ability of enough variables that predict missingness and missing 
data values themselves (Sterne et al. 2009). In addition, the use of 
a comprehensive reference standard, while essential for ensuring 
children with middle ear disease are identified, reduces our ability 
to compare results of diagnostic accuracy across studies.

Strengths
To our knowledge, this is the first study to directly evaluate 

both behavioral pure-tone screening and objective OAE screen-
ing tools, as well as the inclusion of tympanometry in children 
across all school-ages (3 to 18+ years). Furthermore, a large data-
set was used to evaluate these various screening protocols. The 
reference standard or benchmark assessment was completed on 
all children, in contrast with many studies that include a bench-
mark on only a portion of the sample. Our reference standard 
also included otoscopy and tympanometry to prioritize detection 
of both hearing loss and/or middle ear disease in this population.

Clinical Implications
There are substantial public health implications of this study. 

The addition of tympanometry to the mHealth pure-tone screen-
ing for older children and DPOAE screening for younger children 
(3 to 6 years of age) significantly improved the sensitivity of the 
tools without decreasing specificity. Tympanometry helped to 
more accurately identify children in need of additional testing and 
decreased the number of children missed with mild hearing loss 
and middle ear disease. Our findings support the addition of tym-
panometry as a required element in screening programs for rural 
and underserved areas globally, where ear infections are common.

Hearing screening protocols should differ for younger (3 to 
6 years) and older school children (aged 7 and older). Our find-
ings indicate that DPOAE plus tympanometry is the preferred 
screening protocol in children 3 to 6 years of age (preschool 
to 1st grade). DPOAE plus tympanometry is easier to obtain 
in the youngest cohort and is more accurate when compared 
with other screening tools that involve behavioral responses. 
Our findings suggest that the mHealth pure-tone screen with 
high frequency and tympanometry is the preferred screening 
protocol in children ages 7 and older. Depending on the needs 
of a screening program, however, DPOAE could be used inter-
changeably with the mHealth pure-tone screen when combined 
with tympanometry.

Standardized use of the most appropriate protocol for a given 
population is a critical component of any screening program, 
yet there continues to be a lack of consensus in the literature on 
which screening tools are the most accurate (Prieve et al. 2015). 
Results from our study should inform guidelines for screening 
and are generalizable to rural populations globally where infec-
tion-related hearing loss is most prevalent.
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