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outcomes, and vocational opportunities, and treatment signifi-
cantly improves outcomes (Jarvelin etal. 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 e ectiveness 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, 4kHz, 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-
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1997), with no formal rescreen process (Table 1). School teach-
ers, typically special education teachers and support sta , 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
sta at the Norton Sound Health Corporation, as is standard
practice.

mHealth Plus Tympanometry Screening Protocol
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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. Di erences 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 4kHz
tones or findings of any individual tone of at least 30 dB HL
on 0.5, 1, 2, 4, 6, or 8kHz 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 4kHz) to
be nonmissing and at least two high-frequency tones (4, 6, or
8kHz) 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,
4KkHz) 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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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.

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.
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Tool 1: mHealth Pure-Tone Screening (1, 2, 4kHz)
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
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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 di erences between
DPOAE + Tymp and high-frequency mHealth plus tympanom-
etry were within the bounds of random variation (di erence 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 (di erence =
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

ROBLER ET AL./EAR & HEARING, VOL. XX, NO. XX, 00-00

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.ww.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
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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
(di erence = 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; di erence = 3.4%, -1.1t0 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).
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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, 4kHz to =20 dB HL (a 10 dB di erence; 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 di cult 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 di erences between the
two falling within the range of random variation (di erence =
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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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 cuto (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
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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 6kHz 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 8kHz to the
standard pure-tone screening protocol of 0.5, 1, 2, and 4kHz
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 6kHz 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
t0 93.7%, 92.6 to 94.8). In our study, adding 6 kHz to the hear-
ing screening increased sensitivity while preserving specificity.

11



12 ROBLER ET AL./EAR & HEARING, VOL. XX, NO. XX, 00-00

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
>25dB HL at 0.5, 1, 2, 4kHz 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
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Middle ear diseaset
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