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hearing screening and specialty telemedicine referral pathway
in 15 communities in the region (Emmett et al. 2022; Emmett,
Robler, Gallo et al. 2019; Emmett, Robler, Wang et al. 2019).
These trials were conducted to determine the best methods for
identifying infection-related hearing loss and improving follow-
up from school hearing screening for school-aged children (3 to
21 years of age).

Elevated hearing loss prevalence in rural Alaska and in rural
communities across the world is multifactorial, with nutritional,
environmental, and genetic risk factors contributing (Amusa et
al. 2005; Chonmaitree et al. 2016; Karvel-Hanquist et al. 2017,
Emmett et al. 2018). Risk factors for ear infections in Alaska
Native children have not yet been evaluated.

Environmental exposures, such as smoke from a wood-burn-
ing stove used to cook or heat the home, have been shown to
increase the risk of ear infections in other rural regions, such
as in West Africa (Amusa et al. 2005). In addition, exposure
to cigarette smoke is a well-established risk factor for acute
otitis media in young children, regardless of urban or rural
status (American Academy of Family Physicians et al. 2004).
Household crowding has been shown to be a risk factor in the
development of acute otitis media (Bowie et al. 2014), as well
as other infectious diseases, such as meningococcal meningitis
(Baker et al. 2000) and acute respiratory infections (Murray et
al. 2012). Finally, infants and children who live in households
without access to plumbed (running) water are more suscepti-
ble to upper respiratory infections and other bacterial infections
(Hennessy et al. 2008; Hennessy & Bressler 2016), including
ear infections.

Addressing hearing health disparities in rural communities
is important (Tsimpida et al. 2021). To better understand the
health disparities in infection-related childhood hearing loss,
we used data from the Hearing Norton Sound trials to quantify
relationships between several environmental factors and infec-
tion-related hearing loss and middle ear disease in a cohort of
rural Alaskan children.

MATERIALS AND METHODS

Study Overview

In the Hearing Norton Sound trials, all children within the
Bering Strait School District and early education programs
(preschool through 12th grade) were eligible. The main trial
ran for two school years (2017-2019) and enrolled children
from kindergarten through 12th grade. An ancillary trial was
added in the second year (2018-2019) and expanded enroll-
ment to preschool children. On screening day, enrolled chil-
dren received the school hearing screening (distortion product
otoacoustic emissions [DPOAE]), a mHealth pure-tone plus
tympanometry screening, and a gold standard audiometric eval-
uation. Full details of the trial are available elsewhere (Emmett,
Robler, Gallo et al. 2019; Emmett, Robler, Wang et al. 2019).
Parents/guardians of enrolled children were asked to complete
a sociodemographic survey (see Supplemental Digital Content
1, http://links.lww.com/EANDH/B48) at the time of enroll-
ment. The survey was created based on community member
input and stakeholder feedback. Children in the main trial were
screened in one or both years, and in the ancillary trial, enrolled
preschool children were screened once. Data from the initial
hearing screening for each enrolled child were included in the
analysis.
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Definition of Infection-Related Hearing Loss and
Middle Ear Disease

For this analysis, hearing loss was defined by the objec-
tive DPOAE (Natus/Bio-Logic AuDX) screening conducted
as part of the school hearing screening. Although a full audio-
metric assessment was conducted, the necessity for a behav-
ioral response for assessment of hearing loss using pure-tone
audiometry led to significant missing data in the younger study
participants, and thus a pure-tone average (PTA) from the gold
standard assessment was not used as the primary indicator. The
DPOAE screening was automated and involved school sta
placing a soft tip in the ear and recording a pass or refer for each
ear. Emissions were measured at 2kHz, 3kHz, 4kHz, and 5 kHz
in each ear (primary levels of 65/55 dB SPL for f1/f2) using
an overall pass/refer criterion (6 dB SPL minimum signal to
noise ratio) of three of four frequencies meeting predetermined
response conditions (Gorga et al. 1997).

The DPOAE screen was chosen as the primary indicator
of hearing loss because of its availability across the entire age
spectrum. However, a second measure was calculated using air
conduction audiometry at 0.5kHz, 1 kHz, 2kHz, and 4 kHz with
a validated tablet-based audiometer and supra-aural earphones
(Shoebox, Clearwater Clinical, Canada). Hearing loss was
defined as a PTA greater than 25 dB on either ear (Krug et al.
2016). Air conduction audiometry was more di cult to obtain
in younger children (aged 3 to 6 years) due to the requirement
for conditioned response and thus was considered a secondary
measurement.

Middle ear disease was defined by otoscopy and tympa-
nometry findings. Digital otoscopy obtained using a USB
digital otoscope (Otocam, Otometrics, Denmark) was used to
determine the presence of pathology based on a review by the
audiologist. Tympanometry was performed using a Bluetooth
tympanometer (Otoflex 100, Otometrics, Denmark). Presence
of middle ear disease was determined by Type B (flat) or Type
C tympanogram (<-200 daPa) or positive findings on otos-
copy (FitzZaland & Zink 1984). Positive findings on otoscopy
included one of the following categories requiring referral as
determined by the audiologist: retraction, e usion, acute oti-
tis media, otorrhea, perforation, patent tube, plugged tube,
and external otitis. These categories were selected as clinical
indicators for middle ear disease, consistent with a diagnosis
of infection-related pathology needing management. Infection-
related hearing loss was defined as having referral status for
otoacoustic emission screening combined with tympanometry
or otoscopic conditions consistent with middle ear disease.

Definition of Potential Factors of Hearing Loss and
Middle Ear Disease

We used the following questions, completed by the primary
caregivers of enrolled children, to define the potential factors:
how many people were currently living in the house (including
the child), the number of smokers in the house (none, 1 to 2, or
3+ smokers), whether a wood-burning stove or fireplace was
used to cook or help heat the house, and whether there was run-
ning water in the house.

In addition to the environmental characteristics of the home,
basic sociodemographic characteristics were collected, includ-
ing the child’s age and grade, biological sex, and race and
ethnicity.
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Statistical Analysis

The analysis sample included the first available screening and
survey completion record for each enrolled participant. Because
newly eligible children could enter year 2, the first screening
may have occurred in the first or second year of the study.

Descriptive statistics were used to describe the environmen-
tal and sociodemographic characteristics of the analytic study
sample. Counts and percentages were calculated for categorical
variables and medians and interquartile ranges (IQRs) were cal-
culated for continuous variables.

Bivariate relationships between household environmental
factors and ear/hearing-related outcomes were estimated using
modified Poisson regression (Zou & Donner 2013). Separate
models using a log link and identity link were fitted to data to
estimate prevalence ratios and prevalence di erences, respec-
tively. The study team hypothesized that there may be com-
munity-level clustering in the prevalence of hearing loss and
middle ear disease; thus, generalized estimating equations
with an independent working correlation structure was speci-
fied. Because of the small number of communities (k = 15), a
Kauermann-Carroll correction (Li & Redden 2015; Gallis et al.
2020) was also applied to the estimation of the standard errors
to limit Type | error. To increase precision and reduce bias in
the estimation of the magnitude of the association between the
environmental factors and study outcomes, each regression was
also adjusted for age (in years), sex, and Alaska Native race.
Quasilikelihood under the Independence model Criterion (QIC)
(Pan 2001) was used to select the best functional form for con-
tinuous covariates (number in household and age) from linear,
quadratic, and cubic forms.

To ascertain whether there was any apparent “cumulative”
e ect of the factors (i.e., does the prevalence of ear/hearing-
related issues increase with the number of risk factors that a
child has), a variable containing the count of risk factors pres-
ent was constructed as its own independent correlate in a risk
factor regression. The count of risk factors was a sum total of
binary indicators for having no running water, using a wood-
burning stove or fireplace, and having three or more smokers in
the house (range 0 to 3). Three or more smokers were chosen
based on the expectation that the highest value for the categori-
cal number of smokers, presented the most substantial risk.

Heterogeneity of relationships between environmental factors
and ear/hearing-related outcomes by age of the child was ascer-
tained by specifying an interaction term indicating that a child was
age 3 to 6 years versus age 7 years and older. These age groups
were selected because middle ear disease is more prevalent in chil-
dren aged 3 to 6 years old. Linear combinations were computed
to produce separate measures of e ect by age group, and interac-
tion terms with 95% confidence intervals (CIs) were presented to
quantify the magnitude of the di erence and its precision.

Proportion of missing values was calculated for the ear/hear-
ing-related outcomes, as well as for the covariates included in
the models. Simple bivariate associations were also computed
using Fisher’s exact tests to ascertain whether missingness
was informed by any environmental variables. The propor-
tion of missingness in outcomes and covariates was consid-
ered together with bivariate associations to determine whether
a sensitivity analysis was necessary to correct for potential
selection bias induced by informative missingness for DPOAE-
based infection-related hearing loss and middle ear disease. A
priori knowledge about the di culty in obtaining pure-tone

audiometry through conditioned response in younger children,
coupled with a belief that missingness in pure-tone audiometry
could be informative of hearing loss (e.g., children with hear-
ing loss may be more di cult to condition for testing), led to
a decision to use multiple imputations as a sensitivity analy-
sis for the PTA-based infection-related hearing loss measure.
Details about the multiple imputation process can be found in
Supplemental Digital Content 1, http://links.lww.com/EANDH/
B48.

Results for all regression analyses, including those using
imputed data, were also summarized visually using forest plots.
For ease of interpretability, estimates and 95% Cls were graphed
on a linearized log scale with axes labeled with exponentiated
values of the estimates (interpreted as prevalence ratios).

This analysis was exploratory in nature, and thus no adjust-
ments for multiplicity were made (Althouse 2016). The focus
of the analysis was on magnitudes of estimated e ect size and
95% Cls rather than confirmatory hypothesis testing. All quanti-
tative analysis was conducted in Stata/MP 16.1 (College Station,
TX). The study was reviewed and approved by the Alaska
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indoor plumbing (PR = 1.38; 95% CI, 0.80 to 2.39), three or
more smokers in the house (PR = 1.07; 95% Cl, 0.48 to 2.38), or
having a wood-burning stove (PR = 0.85; 95% CI, 0.55 to 1.32).
When considering a count of the number of risk factors, there
was little evidence for any cumulative e ect of environmental
factors (PR = 1.11; 95% CI, 0.86 to 1.44). The secondary indi-
cator of PTA-based infection-related hearing loss largely agreed
with DPOAE-based results for the total sample (see Tables 1
and 2 in Supplemental Digital Content 1, http://links.lww.com/
EANDH/B48). Prevalence di erence estimates varied, however,
given the lower overall sample prevalence for the PTA-based
hearing loss compared with DPOAE-based.

Associations With Middle Ear Disease
Little association was found between middle ear disease
and number of people living in the household, three or more
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smokers in the house, or the presence of a wood-burning stove
in the house (Table 3). However, there was evidence that a lack
of running water in the house was associated with a 53% higher
relative prevalence of middle ear disease (PR = 1.53; 95% ClI,
1.03 to 2.27) compared to children in homes with running
water, an e ect of higher magnitude and greater precision than
that seen with infection-related hearing loss.

Heterogeneity

The results of the heterogeneity of e ect models by age are
presented in Tables 3-6 in Supplemental Digital Content 1,
http://links.lww.com/EANDH/B48; Tables 3 and 4 for infection
related hearing loss and Tables 5 and 6 for middle ear disease.
Visualizations can be found in Figures 1 and 2 in Supplemental
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ear disease was higher for children aged 3 to 6 years (hearing
loss = 12.2%; 95% CI, 9.3 to 15.7; middle ear disease = 22.7%);
95% CI, 18.9 to 26.9) than children aged 7 years and older
(hearing loss = 10.6%; 95% ClI, 8.9 to 12.6; middle ear disease
= 15.3%; 95% ClI, 13.3 to 17.5). An increase of one person in
the household was associated with a 17% higher prevalence of
hearing loss (PR = 1.17; 95% CI, 1.05 to 1.31) and an 11%
higher prevalence of middle ear disease (PR = 1.11; 95% ClI,
1.03 to 1.21) for children aged 3 to 6 years, with no association

for older children. Use of a PTA- rather than a DPOAE-based
measure changed the magnitude and direction of association for
some risk factors (wood-burning stove, count of risk factors,
and three or more smokers) for children aged 3 to 6 years but
left associations largely similar between DPOAE- and PTA-
based measures for children aged 7 years and older.

Lack of running water was also associated with higher preva-
lence of middle ear disease in children aged 3 to 6 years. Number
of smokers in the house had estimated e ects in opposing direc-
tions for children aged 3 to 6 years versus those aged 7 years and
older, suggesting some evidence of heterogeneity by age.

Missing Data

A total of 65 (3.98%) children were missing data for the
main hearing loss outcome (DPOAE-based), 96 (5.9%) for the
PTA-based hearing loss outcome, and 34 (2.08%) were miss-
ing data for middle ear disease (otoscopy and tympanometry),
with much of the missing data concentrated in children 3 to
6 years of age (see Table 7 in Supplemental Digital Content
1, http://links.lww.com/EANDH/B48). Bivariate associations
between the missingness of the outcome and the missingness of
the covariates can be found in Table 8 in Supplemental Digital
Content 1, http:/links.lww.com/EANDH/B48. Covariate miss-
ingness (found in Table 9 in Supplemental Digital Content 1,
http://links.lww.com/EANDH/B48) was non-di erential by
age group (age 3 to 6 years vs 7 years and older); therefore,
outcome-only imputation was used to generate prevalence and
regression estimated associations as a sensitivity analysis.

DISCUSSION

This is the first study examining environmental risk factors
for hearing loss and middle ear disease among children in rural
Alaskan environments. We examined the e ect of subjective
reports on cigarette smoking, the presence of a wood-burning
stove, running water, and number of people living in the house-
hold on infection-mediated hearing loss and middle ear disease.
Results from our study were mixed. We observed that lack of
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TABLE 2. Regression estimated prevalence ratios and prevalence differences for environmental associations with hearing loss*

Sample Number of Prevalence Prevalence

Variable prevalence observations usedt ratiot (95% CI) difference§ (95% Cl)
How many people currently live in the household? 1533 1.06 (0.97 to 1.16) 0.7 (-0.5t0 1.9)
Do you have running (plumbed) water in your house? 1533

Water in house 9.7 (8.0, 11.6) (ref) (ref)

No water in house 13.5(10.6, 16.9) 1.38(0.80 to 2.39) 3.7 (-2.7 t0 10.1)
Do you use a wood-burning stove or replace to cook 1526

or help heat the house?

No 11.6 (9.6, 13.8) (ref) (ref)

Yes 9.9 (7.6,12.7) 0.85 (0.55 to 1.32) -1.7 (-6.5t0 3.0)
Number of smokers in the house? 1532

None 11.3 (8.7, 14.3) (ref) (ref)

1-2 Smokers 10.4 (8.4, 12.7) 0.92 (0.53 to 1.58) -0.9(-7.0t05.2)

3 or more smokers 12.1 (8.0, 17.4) 1.07 (0.48 to 2.38) 0.8 (-8.5t0 10.1)
Count of risk factorsq 1525 1.11 (0.86 to 1.44) 1.2(-1.6t03.9)
Overall prevalence of Hearing Loss 11.1 (9.6, 12.7)

*Hearing loss defined as having referral status for otoacoustic emission screening combined with referral for tympanometry or otoscopic conditions consistent with middle ear disease.

TNumber of observations used for regression analysis.

et al. 2001; Amusa et al. 2005). Within otitis media pathophysiol-
ogy, poor air quality can disrupt ciliary function and beat frequency
which can lead to upper respiratory tract infections (Heinrich &
Raghuyamshi 2004). Despite this, data from our study do not pro-
vide evidence to suggest that wood-burning stove exposure is cor-
related with an increased prevalence of middle ear disease.

While there is strong evidence in the literature to suggest
there is a correlation between cigarette smoke exposure and ear
infections (Ey et al. 1995; Klein 2000), we did not find con-
vincing evidence in our study. However, estimation of thise ect
is complicated by the challenge of ascertaining smoking hab-
its because of the social stigmatization of smoking in the 21st
century. Socially undesirable behaviors are often underreported,
and tobacco-reporting behaviors are no exception (Fendrich et
al. 2005). Many individuals recognize the risks associated with

smoking; therefore, fear of the stigma associated with answer-
ing positively to how many smokers live in the home may have
prevented the true level of exposure from being recorded. It is
also possible that this recognition of the risk of indoor smoke
exposure has resulted in less individuals smoking inside the
home.

We did not find a strong association between number of
individuals living in the home and hearing loss or middle ear
disease. This is inconsistent with previous literature that found
associations with poor health outcomes and increased spread of
infectious diseases in children (Baker et al. 2000; Bowie et al.
2014). One possible reason for our null finding is that we lim-
ited the analysis to the number of people in the household ver-
sus the ratio of people to rooms, due to inconsistent responses
related to number of rooms in the household.
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