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Hearing in neonates and infants is crucial for their development
of language and communication skills. Unless hearing loss is
appropriately managed early, it can cause a significant socioe-
conomic burden considering its detrimental impact on the
child's development and its common nature. It is also the most
common congenital sensory deficit, with an approximate inci-
dence of 1.5 per 1,000 newborns. Its etiologies are heteroge-
neous: genetic causes are reportedly involved in up to 80% of
cases, while congenital cytomegalovirus infection is the leading
environmental factor contributing to congenital hearing loss.
The introduction of newborn hearing screening using automat-
ed auditory brainstem response and/or automated otoacoustic
emission in many developed countries has helped detect and
manage hearing loss early. Current auditory rehabilitation
options such as cochlear implantation implementing cutting-
edge technologies can treat almost all degrees of hearing loss,
emphasizing the importance of early hearing detection and
intervention. Rapidly developing genetic diagnostic technolog:
ies and future cutting-edge treatment options, including gene
therapy, will shed light on the future management of hearing
loss in neonates and infants.
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Key message

- Congenital hearing loss is common, with an approximate in-
cidence of 1.5 per 1,000 newborns and affecting 1.2%-11%
of preterm and 1.6%-13.7% of neonatal intensive care unit
neonates.

- Etiologies vary, and up to 80% of cases are genetic.

- Newborn hearing screenings follow the 1-3-6 rule, and babies
at high risk of hearing loss should be referred to otolaryngology

for early detection and timely intervention.

Introduction

Hearing loss in infancy and childhood can cause delayed

speech and language skills, thus creating a substantial socioeco-
nomic cost.? The linguistic and communicative abilities of
children with hearing loss can be maximized by early detection
and rehabilitation to ensure their successful integration into a
hearing society.™ As social awareness of hearing loss grows
among the general public, medical system and related medical
innovations to support hearing loss are being developed. The
adoption of a screening method for congenital hearing loss has
created a paradigm shift in the diagnosis and treatment of hear-
ing loss in neonates and infants.™® Here we review the preva-
lence, etiologies, and screening protocols for hearing loss in
neonates and infants.

Incidence and prevalence of hearing loss in
neonates and infants

The incidence of congenital hearing loss in the literature is
approximately 1.5 per 1,000 newborns. In detail, those figures
were 1.33 and 1.86 per 1,000 newborns with various etiologies
in the United Kingdom and United States (Fig. 1).” In Korea,
the prevalence of hearing loss was 1.2 per 1,000 newborns
according to a paper published after the government-supported
nationwide newborn hearing screening (NHS) pilot project.”
NHS became available as a health insurance benefit in October
2018 in Korea, which considerably increased the percentage of
newborns who underwent NHS. Only 55.4% (1,741,556 of
3,141,384) of newborns underwent NHS in 2010-2016" versus
91.7% (280,868 of 306,273) in 2019 and 92.1% (254,199 of
276,105) in 2020.1?

Hearing loss is notably more common in premature infants or
those admitted to the neonatal intensive care unit (NICU). Ac-
cording to previous reports, hearing loss was diagnosed in
1.29%-119% of preterm neonates depending on gestational age.'”
9 Newborns admitted to the NICU are at a 1.6%—-13.7% in-
creased risk of developing hearing loss."*"” A recent study in
Korea reported that, whereas 4.6 of every 1,000 healthy infants
were estimated to have hearing loss, the number jumped to 28.8
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Fig. 1. Estimates of causes of deafness at birth and 4 years of age in the United States. The incidence of deafness at birth in the United States and its
prevalence at 4 years of age were obtained by adjusting estimates from the United Kingdom to include unilateral hearing loss. EVA, enlarged vestibular
aqueduct; CMV, cytomegalovirus. Reprinted from Morton and Nance. N Engl J Med 2006;354:2151-64, with permission of Massachusetts Medical

Society.”

of every 1,000 newborns hospitalized for more than 5 days in
the NICU."

The national incidence of congenital hearing loss varies
among ethnicities and diagnostic processes, and accurate statis-
tics are difficult to obtain. The implementation of a nationwide
newborn hearing loss screening program permitted the early
detection of congenital hearing loss and helped determine its
incidence in many developed countries.”'”

The prevalence of hearing loss increases gradually through
infancy and adolescence, affecting an estimated 1.07-2.7 per
1,000 children aged 3-4 years versus 2.05-3.5 per 1,000
adolescents.”*” According to a study from Korea, infants with

suspected acquired or delayed hearing loss, after passing the
NHS, underwent initial audiology exams followed by cochlear
implantation, which was performed for auditory rehabilitation
on patients with severe to profound hearing loss, significantly
later than those in the “refer” group.” The early and accurate
detection of hearing loss in neonates and children is essential
because permanent hearing loss at this age, which increases over
that period, imposes considerable language development delays,
communication issues, and social costs. It was recently suggested
that pure-tone audiometry be performed on a regular basis
around the age of 5 years or during adolescence to avoid a
delayed diagnosis of hearing loss, especially the late-onset or
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Fig. 2. Approximate causes of congenital hearing loss. Recent genetic
studies suggest that up to 80% of congenital hearing loss cases in
wealthy nations are genetically based. This figure was traditionally
assumed to be around 50%. Environmental factors usually involve
prenatal TORCH (toxoplasmosis, syphilis, rubella, cytomegalovirus, and
herpes) infection or postnatal bacterial meningitis.

progressive type.>”

Etiologies of congenital (neonatal) hearing loss

Although many factors contribute to hearing loss in neonates
and children (Fig. 1), there are 2 major players in the etiology of
congenital hearing loss: genetic and environmental. Congenital
hearing loss was traditionally believed to have a hereditary
component in approximately 50% of cases, while another 25%
were considered idiopathic and the rest remained unknown.
According to reports based on ongoing genetic research, up to
809% of congenital hearing loss cases in developed nations are
caused by genetic factors, with the remaining 20% caused by
environmental or acquired factors (Fig. 2).***” Environmental
factors include prenatal TORCH (toxoplasmosis, syphilis,
rubella, cytomegalovirus, and herpes) infection or postnatal
bacterial meningitis.”” Congenital cytomegalovirus infection is
gradually becoming recognized as the predominant environ-
mental cause of congenital hearing loss, particularly in de-
veloped countries including the Republic of Korea.”***)

Genetic causes include syndromic and nonsyndromic features
as well as autosomal dominant/recessive/X-linked or mitochon-
drial inheritance patterns. Among them, nonsyndromic and
autosomal recessive patterns outnumber syndromic and auto-
somal dominant patterns. This indicates that, in many cases,
congenital hearing loss occurs with no family history or other
clinical features, which could be an unexpected issue for family
members. Recently, several studies investigated the adjunctive
genetic screening of universal newborn hearing screening
(UNHS); however, a mean 1.4% of children passed the UNHS
but had a positive genetic screening test result.”*>”

Table 1 shows the most frequent causes of syndromic and
nonsyndromic hearing loss.***” The most prevalent type of
congenital deafness in developed nations is DFNB1 (the first
mapped locus for nonsyndromic deafness with autosomal
recessive inheritance), which is caused by mutations in the GJB2
gene (gap junction protein beta 2).>” It encodes connexin 26
(also known as gap junction beta 2). In the cochlea, connexin 26
is expressed between the supporting cells and stria vascularis,
spiral ligament, and spiral limbus. It appears to be involved in the

Table 1. Frequent etiologies of syndromic and nonsyndromic
hearing loss

Clinical feature ~ Mode of inheritance Syndrome or gene

Neurofibromatosis 2
Branchio-oto-renal syndrome
Treacher Collins

Stickler syndrome
Waardenburg syndrome
Pendred syndrome

Jervell and Lange-Nielsen
syndrome

Usher syndrome
Refsum disease
Alport syndrome
MELAS

MERRF

WFS1

TECTA

COCH

KNCQ4

GJB2

SLC26A4
MYO15A

OTOF

CDH23

T™MCT

Syndromic Autosomal dominant

hearing loss

Autosomal recessive

X-linked dominant
Mitochondrial

Nonsyndromic ~ Autosomal dominant

hearing loss

Autosomal recessive

CDHZ23, cadherin-related 23; COCH, cochlin; GJB2, gap junction protein
beta 2; KNCQ4, potassium voltage-gated channel subfamily Q member
4; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes; MERRF, myoclonic epilepsy with ragged red fibers; MYO15A,
myosin XVA; OTOF, otoferlin; SLC26A4, solute carrier family 26 member
4, TECTA, tectorin alpha; TMC7, transmembrane channel like-1; WFST,
wolframin ER transmembrane glycoprotein.

potassium recycling process that hair cells utilize to produce an
action potential in response to sound waves.*" Therefore, it is
widely accepted that GJB2 gene mutations cause sensorineural
hearing loss. Pendred syndrome, the most prevalent syndromic
hearing loss, is caused by mutations in the SLC26A4 (solute
carrier family 26 member 4) gene on chromosome 7, which
produces the pendrin protein.’” A child must inherit 2 mutated
SLC26A4 genes from each parent to have Pendred syndrome
because of its recessive nature. Hearing loss in Pendred syn-
drome is frequently, although not always, present from birth,
generally worsens over time, and is associated with minor head
trauma.” Enlarged vestibular aqueducts, which make the inner
ear sensitive to trauma, are characteristic of this syndrome.
Vertigo can also occur. Goiter is a defining characteristic of this
syndrome, occurring in 75% of cases.

Screening protocols for congenital hearing loss

The concept of UNHS for newborns was first suggested by
Larry Fisch in 1957.>" However, it was not until the end of the
20th century that it became a standard trend in almost every
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developed country. In Korea, NHS were introduced in obstetrics
and gynecology departments in the early 2000s; in 2007-2008,
an NHS project supported by the government started in some
regions, and it has gradually expanded. It eventually became
covered by the national health insurance in 2018.

NHS were initially performed only in high-risk groups with
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(@ 2 step: ‘AOAE > AOAE or AABR’
or ‘AABR > AABR’

y l
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Requestregular hearing tests response,
every 6 months or 1 year before school age @ AOAE: automated
considering delayed hearing loss. SEEELEHE I IRl

Fig. 3. Well-baby newborn hearing screening protocol of the newborn
nursery unit. This protocol applies to neonates born via an uncomplicated
delivery who stayed less than 4 days in the neonatal intensive care unit.
"Risk factors are described in Table 2. ABR, auditory brainstem response;
NHS, newborn hearing screening. Adapted from Newborn hearing
screen/'ng qguideline update in Korea, 2018 by The Korean Audiological
Society.*”

risk factors for hearing loss. However, only approximately half
of all infants diagnosed with hearing loss had a risk factor for
hearing loss, with the remaining half of cases occurring in infants
lacking risk factors.”” Most developed countries currently con-
duct hearing screenings for all newborns. The UNHS admi-
nisters a combination of 2 screening tests—automated auditory
brainstem response (AABR) and automated otoacoustic emis-
sion (AOAE)—to newborns within 28 days of life. UNHS for
premature infants is performed according to corrected age
calculated based on the expected date of birth. The sensitivity
and specificity of AOAE are reportedly 50%-100% and 13%—
91%, respectively, while those of AABR are 96% and 98%,
respectively.*® The NHS protocol is applied separately in Korea
for “well babies,” those who were born through an uncompli-
cated delivery and stayed less than 4 days in the NICU, and
“NICU babies,” who stayed for more than 5 days in the NICU
and required treatment.”” All neonates who stayed in the NICU
for more than 5 days were considered at high risk for hearing
loss. Additionally, the outpatient protocol should be used for
newborns who have not undergone NHS or have meningitis or
other diseases that increase their risk of hearing loss despite
passing the screening test. The most recent update of the NHS
protocol in Korea is shown in Figs 3-5. The high-risk factors for
hearing loss suggested by the 2019 guidelines of the American
Joint Committee on Infant Hearing are presented in Table 2.¥
Regardless of the NHS results, newborns with these risk factors
should be referred to the otolaryngology department for com-
prehensive hearing evaluation and regular checkups.

Once an infant passes the NHS, the hearing status is repeated-
ly checked using questionnaires implemented for infant medical
checkups through 71 months of age since audiometric tests are
not routinely performed. Some etiologies of hearing loss can

@ NICU admission for more than 5 days
@ Unilateral or bilateral external ear anom.

NICU babies

aly or diagnosis of meningitis in the NICU

or baby with meningitis or recovery state from meningitis
Re-admission due to hearing loss risk factors* within 1 month after birth

AABR based protocol
@ AABR > AABR

@ AABR a

nd AOAE

!

Both pass in the AABR Both pass in the AABR Both pass in the AABR Unilateral or Both refer Fail in the
and/or AOAE Unilateral pass in the AOAE Both refer in the AOAE in the AABR screening test

| |

< Other risk factors* of hearing loss >

Nol lYes

Reserve NHS test in
the outpatient clinics
within 1 months of age

Request regular hearing test Transfer Otolaryngology clinics for checking correct Transfer Otolaryngology clinics for checking correct
every 6 months or 1 year hearing threshold at 6 months of correctional age hearing threshold at 3 months of correctional age
before school age (ABR threshold test required) (ABR threshold test required)

Fig. 4. Neonatal intensive care unit (NICU) newborn hearing screening protocol. The corrected age is always used. Because

a NICU admission longer than 5 days is already a high-risk fact

or for hearing loss, regular hearing tests are necessary for

NICU babies. "Risk factors are described in Table 2. NICU, neonatal intensive care unit; AABR, automated auditory brainstem
response; ABR, auditory brainstem response; AOAE, automated otoacoustic emission; NHS, newborn hearing screening.
Adapted from Newborn hearing screening quideline update in Korea, 2078 by The Korean Audiological Society.>”
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cause late-onset or progressive hearing loss that initially presents  discussion in Korea.

as mild hearing loss and may not be detected on the NHS. Thus, For example, auditory neuropathy spectrum disorder (charac-
hearing tests using pure-tone audiometry around 5 years of age  terized by signal processing dysfunction along the auditory nerve
are currently performed in many developed countries® and the  or compromised signal transmission to the auditory nerve by
introduction of childhood hearing screenings is under active ~ presynaptic inner hair cells with fully functional outer hair cells)

Newborn in the outpatient clinics

@ fail or cannot perform newborn hearing screening within admission period

@ new diagnosis or recovery state of meningitis or hearing loss risk factors after both pass
results in the 15t newborn hearing screening

ves Is there hearing loss risk
factors?*
No \L

Yes Did the baby have

performed newborn hearing
screening before?
AABR: automated
No auditory brainstem
response
AOAE: automated

< NICU Baby ’ ( Well Baby Protocol ) ciierErLEe
Protocol emissions,

Fig. 5. Newborn hearing screening protocol used in outpatient clinics. ‘Risk factors are described
in Table 2. NICU, neonatal intensive care unit. Adapted from Newborn hearing screening guideline
update in Korea, 2018 by The Korean Audiological Society.>”)

Table 2. Risk factors associated with permanent hearing loss in childhood

No. Perinatal

1 Family history® of early, progressive, or delayed-onset permanent childhood hearing loss
2 Neonatal intensive care of more than 5 days

3 Hyperbilirubinemia with exchange transfusion regardless of length of stay

4 Aminoglycoside administration for more than 5 days?

5  Asphyxia or Hypoxic Ischemic Encephalopathy

6  Extracorporeal membrane oxygenationa)

7 Inuteroinfections, such as herpes, rubella, syphilis, and toxoplasmosis

In utero infection with cytomegalovirus®

Mother + Zika and infant with no laboratory evidence & no clinical findings
Mother + Zika and Infant with laboratory evidence of Zika + clinical findings
Mother + Zika and Infant with laboratory evidence of Zika - clinical findings
8  Certain birth conditions or findings:
Craniofacial malformations including microtia/atresia, ear dysplasia, oral facial clefting, white forelock, and microphthalmia
Congenital microcephly, congenital or acquired hydrocephalus
Temporal bone abnormalities
9 Over 400 syndromes have been identified with atypical hearing thresholds®. For more information, visit the Hereditary Hearing Loss website*?
Perinatal or Postnatal

10 Culture-positive infections associated with sensorineural hearing loss?, including confirmed bacterial and viral (especially herpes viruses and
varicella) meningitis or encephalitis

11 Events associated with hearing loss:
Significant head trauma especially basal skull/temporal bone fractures
Chemotherapy
12 Caregiver concern? regarding hearing, speech, language, developmental delay and or developmental regression

dInfants at increased risk of delayed-onset or progressive hearing loss. Infants with toxic levels or a known genetic susceptibility remain at risk. ©
Syndromes*®. 9Parental/caregiver concern should always prompt further evaluation.
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can be easily missed when only AOAE is performed; thus, it is
necessary to consider that a missed diagnosis is possible even
after UNHS.

Although the UNHS has been implemented quite efficiently in
developed nations since its inception, inequalities persist globally.
While some countries, such as Ireland and the Netherlands,
boast a screening rate of over 99%, many countries have not yet
implemented it.*” An analysis of review articles of the coverage
of newborn and infant hearing screening programs is shown in
Fig. 6.°>*% Approximately one-third of countries (38% of the
world’s population) offered little or minimal screening, while
another third (33% of the world’s population) offered UNHS
programs that were nearly or fully implemented. Compared to
countries with less than 10% screening coverage, the average
living standard in almost fully or fully screened countries is 10
times higher.”)

In addition, with the rapid development of sequencing tech-
nologies, molecular genetic testing may compensate for the
pitfalls of UNHS. However, this is not currently feasible because
of the many uncertainties that would arise in the interpretation
of the test results.

Suggestions

In Korea, the predicted referral rate for neonates undergoing
NHS in 2020 is 0.99%-1.43% depending on the calculation
method, while the proportion of infants finally diagnosed with
congenital hearing loss has not yet been identified. However, the

frequency of diagnostic hearing tests required for reference
results in the NHS remains low. More than 97% of newborns
born in 2020 received their first NHS within 7 days of birth, but
only 4.39% underwent their first diagnostic auditory brainstem
response by 3 months of age as recommended, while 82.3%
underwent the test after 6 months.

With the advent of hearing screening protocols and the de-
velopment of various auditory rehabilitation options, hearing
loss is no longer an incurable disease, and many etiologies have
been elucidated with the development of genetic diagnostic
techniques. If the diagnosis of hearing loss is made before 3
months of age and auditory rehabilitation is provided at the ap-
propriate time, an infant’s hearing ability and language develop-
ment could be comparable to those of normal hearing children.
*) Based on these findings, the importance of the 1-3-6 rule
could not be emphasized further: a hearing screening no later
than 1 month of age, a diagnosis of hearing loss no later than 3
months of age, and entry into early intervention services by no
later than 6 months of age. Transient auditory deprivation
during critical periods is detrimental to the development of
central auditory function,*” while the implementation of an
Early Hearing Detection and Intervention program is necessary.

Conclusion

Sensorineural hearing loss is the most common sensory deficit
globally, and its various etiologies include genetic and environ-
mental causes. The introduction of NHS enabled the early

0 B s5-100% screening
W o19% screening

W 50-84% screening
B o1% screening

10-49% screening
No data

Fig. 6. Country-specific coverage of newborn and infant hearing screening programs. Adapted from Neumann et al. J Clin Med 2022;11:271.4%
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detection of hearing loss, in turn facilitating early intervention.
Many treatment options, including hearing aids and cochlear
implants, based on the etiologic diagnosis, can rehabilitate mild
to profound hearing loss. With recently developed genetic
diagnostic techniques and the possibility of gene therapy,
expectations for the early diagnosis and treatment of hearing loss
are higher than ever before.
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