1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Audiol. Author manuscript; available in PMC 2020 December 01.

-, HHS Public Access
«

Published in final edited form as:
Int J Audiol. 2019 December ; 58(12): 834-850. d0i:10.1080/14992027.2019.1632499.

Genetic screening as an adjunct to Universal Newborn Hearing
Screening: Literature review and implications for non-congenital
pre-lingual hearing loss

Christine D’Aguillo!, Sara Bresslerl, Denise Yan!, Rahul Mittall, Robert Fifer?, Susan H.
Blanton®3, Xuezhong Liul:2:3.4

1.Department of Otolaryngology, University of Miami Miller School of Medicine, 1666 NW 12t
Avenue, Miami, FL 33136, USA

2.Department of Pediatrics, University of Miami Miller School of Medicine, Miami, FL

3-Dr. John T. Macdonald Foundation, Department of Human Genetics and John P. Hussman
Institute for Human Genomics, University of Miami Miller School of Medicine, Miami, FL

4Tsinghua University School of Medicine, Beijing, 10084 China

Abstract

Objective—Universal Newborn Hearing Screening (UNHS) uses otoacoustic emissions testing
(OAE) and auditory brainstem response testing (ABR) to screen all newborn infants for hearing
loss (HL), but may not identify infants with mild HL at birth or delayed onset HL. The purpose of
this review is to examine the role of genetic screening to diagnose children with pre-lingual HL
that is not detected at birth by determining the rate of children who pass UNHS but have a positive
genetic screening. This includes a summary of the current UNHS and its limitations, and a review
of genetic mutations and screening technologies used to detect patients with an increased risk of
undiagnosed pre-lingual HL.

Design—Literature review of studies that compare UNHS with concurrent genetic screening
Study Sample—Infants and children with hearing loss

Results—Sixteen studies were included encompassing 137,895 infants. Pathogenic mutations
were detected in 8.66% of patients. In total, 545 patients passed the UNHS but had a positive
genetic screening. The average percentage of patients who passed UNHS but had a positive
genetic screening was 1.4%.

Conclusion—This review demonstrates the positive impact of concurrent genetic screening with
UNHS to identify patients with pre-lingual HL.
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Introduction

Methods

Hearing loss (HL) is the most common sensory disorder, affecting 32 million children
worldwide [1]. In the United States, the incidence of hearing loss at birth is estimated at 1.5
per 1000 newborns, and rises in school-aged children [2], corresponding to approximately 7
million US children with hearing loss [3]. The etiology of childhood HL is variable, but up
to 50% of pre-lingual HL in developed countries is thought to be genetic [4, 5]. Non-
syndromic hearing loss accounts for the majority of genetic cases, and over 100 mutations in
at least 44 genes have been identified to increase the risk for HL [5].

Early detection of hearing loss in infancy and childhood can prevent and avoid devastating
effects on speech and language development. Stimulation of the auditory cortex before 12
months of age is essential for language development [6]. Universal Newborn Hearing
Screening (UNHS) was developed nearly two decades ago to screen infants born in U.S.
hospitals for congenital HL [7]. Infants typically undergo otoacoustic emissions testing
(OAE), auditory brainstem response testing (ABR), or both prior to discharge. Infants who
fail the initial screening or have a recognized risk factor for later onset HL are referred for
further testing. Since its inception in 1998, the UNHS is considered a public health success,
reducing the average age of diagnosis for most children with congenital or early-onset HL
[7]. However, the current UNHS is not as effective at identifying patients with mild HL or
with delayed onset pre-lingual HL. Furthermore, the current UNHS does not determine the
etiology of HL.

Continued research in genetic technology has created opportunities to improve the current
screening model. The development of HL-specific genetic screening panels have allowed
researchers to screen for multiple HL mutations in less time and for less cost than was
previously possible with direct Sanger sequencing [5, 6]. The literature is expanding with
several studies that have examined the addition of genetic screening to UNHS on both a
small and a large scale.

This paper includes a review of current UNHS in the Unites States and its limitations for
identifying all cases of pre-lingual HL. A brief discussion of current genetic screening
technologies, including NGS, is also included, as well as a summary of the most common
mutations associated with pre-lingual HL. A literature review was conducted on the addition
of genetic screening to UNHS, and we include a discussion of the implication of genetic
testing on the future of UNHS.

A literature review was conducted to identify papers discussing the application of genetic
testing in addition to UNHS. A PubMed search was carried out using the search headings

Int J Audiol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Aguillo et al.

Results

Page 3

“genetic testing hearing loss” and “newborn hearing screening” from 1980 to the present.
The search was later expanded to include key words for genetic testing and delayed HL.
Additional papers were culled from the references of relevant search results when they
discussed the genetic etiology of delayed onset HL or NGS technology. Exclusion criteria
included foreign language papers, non-human subject research, and review papers without
patient data. Figure 1 describes the process of selecting papers for analysis in this review.
For the purposes of this review, the authors define undiagnosed pre-lingual HL as infants
that pass screening with UNHS but later develop HL. In the included studies, this concept is
represented by patients who passed the UNHS but had a positive genetic screening. When
applicable, median, mean, and weighted averages were calculated using Microsoft Excel.

To clarify terminology used in this review, patients who do not have HL identified on UNHS
will be referred to as “UNHS pass”. Patients who are referred for audiology or
otolaryngology follow-up on UNHS are hereby referred to as “UNHS refer”. Patients who
do not have genetic mutations for HL identified on genetic screening are “negative genetic
screening”, and patients who do have a mutation identified are described as “positive genetic
screening”.

This review includes 16 relevant studies involving genetic testing in children or infants that
had undergone UNHS. These studies are summarized in Table 1. The majority of the studies
originated from Asia, with 6 from China alone. Three studies included were from the United
States. The majority of studies (10) used direct sequencing to analyze results, although in
many cases direct sequencing was used as the secondary method to verify results.
Microarray screening and NGS were also commonly used, with 4 and 2 studies respectively
incorporating these technologies (Figure 2). The median number of patients per study was
4,427, and in total 137,895 patients were studied. One study was a single case report. Eleven
studies described the pass/refer rate of UNHS. The weighted average UNHS pass rate was
91.01% and the weighted average refer rate was 6.21%. Twelve studies reported a genetic
testing mutation detection rate which ranged from 0.70% to 41% depending on the
population and the testing method. The weighted average genetic mutation detection rate
(“positive genetic screening™) among all applicable studies was 8.66%. Using the weighted
average UNHS refer rate and the weighted average positive genetic screening rate to
determine the utility of the addition of genetic screening, the authors calculated the absolute
risk reduction and number needed to treat to be 0.238 and 42, respectively. Thus, the
addition of genetic screening to the UNHS may detect an additional at-risk infant for every
42 infants screened. However, please note that the data aggregated to calculate these
numbers come from various studies with different genetic screening techniques.

Table 2 describes results from the 16 studies that included data on patients that passed
UNHS but had a positive genetic screening. In total, 545 patients met these criteria. The rate
of UNHS pass/positive genetic screening ranged from 0.04% to 100% (the single case
report), depending on population studied. The weighted average proportion across the
studies of patients that passed UNHS but had a positive genetic screening was 1.4%.
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This review also identified genes and mutations associated with pre-lingual HL, summarized
in detail in Table 3. Currently, 73 mutations in 41 genes have been associated with pre-
lingual HL of delayed diagnosis and have been documented in the literature. The genes most
commonly associated with this phenotype are GJBZ, SLC26A4, and 12s mitochondrial
rRNA.

Review of Current UNHS

In 1993, the NIH’s Consensus Development Conference on Early Identification of Hearing
Loss determined that all newborns should have hearing screening, ideally before discharge
from the hospital. This was translated into law after Congress passed the Newborn and
Infant Hearing Screening and Intervention Act in 1999 [8]. Currently, the US Preventive
Services Task Force recommends that all newborn infants be screened for hearing loss by 1
month of age. Although actual screening requirements differ by state, the current UNHS
protocol usually utilizes a two-step screening process consisting of OAE and ABR.
According to the Joint Commission on Infant Hearing, at least one screening method must
be performed on all infants before hospital discharge, and an ABR is recommended when
the infant is hospitalized in the neonatal intensive care unit for over 5 days [7].

Since the initiation of UNHS, the average age of diagnosis of HL has decreased from more
than 2 years of age to between 2 and 5 months of age [7]. Because earlier identification
allows for fitting of hearing aids and other interventions prior to the critical period of
language development, these children are able to develop speech and language skills at
levels similar to their normal hearing peers [7, 9].

Review of Delayed Onset HL

UNHS was designed to identify infants with HL present at birth. However, a significant
cohort of infants exists with pre-lingual HL that is not identified by the traditional UNHS
protocol. The critical period of language development in children is from O to 3 years [7],
and auditory stimulation is essential to develop this pathway. If HL is not identified and
treated before this critical period has elapsed, permanent ramifications to speech and
language acquisition are inevitable. In a landmark study by Yoshinaga-Itano, et al., hearing
impaired children who were diagnosed by 6 months of age had significantly higher receptive
and expressive language scores than their peers diagnosed later, regardless of sex,
socioeconomic status, or degree of hearing loss [10]. A growing body of literature
demonstrates that children with HL identified by 6 months of age perform 20-40% higher
on measures such as vocabulary, articulation, intelligibility, social adjustment, and behavior
[7]. Furthermore, children who are enrolled in early intervention programs before 1 year of
age demonstrate language skills within the normal range of development by 5 years of age

[71.

Although prevalent, the exact estimate of children with pre-lingual HL whose diagnosis is
delayed is difficult to quantify. One review found that among deaf children less than 9 years
old, 22% had a non-congenital impairment [11]. Another Canadian review demonstrated that
among a cohort of deaf children, 35.8% passed the UNHS [12]. In a study of 1,300 Danish
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children with permanent hearing loss, 43.9% of children demonstrated a progressive hearing
loss before 4 years of age, with genetic factors being the predominant etiology [13]. In the
UK, the prevalence of late onset hearing loss (defined as identification after birth in the
publication) is estimated at 0.25 per 1,000 births [14]. Estimates in the literature for non-
congenital HL have ranged from 11% of deaf children under 15 years [15], to 30-50% of
deaf children under 9 years [16]. Regardless of the estimate, a portion of children with pre-
lingual HL are not identified by current UNHS and risk the sequelae of a late diagnosis.

Limitations of Current UNHS

Although generally considered a public health success, current UNHS is not without
significant limitations. First, in its current manifestation, UNHS has a high loss to follow up
rate, with the literature citing anywhere from 10 to 45% of infants with no follow-up after
initial testing in hospital [18, 19]. National data from the CDC also indicates that in 2014,
the overall rate of loss to follow-up of UNHS ranged from 3-85%, depending on the state
[4]. Second, while the current protocol may identify symptomatic hearing loss, it does not
determine the etiology of the hearing loss. This may discourage further healthcare follow-up.
Immediate understanding of the molecular etiology of the newborn’s hearing loss may
encourage timely follow-up and treatment. Furthermore, etiologic diagnosis of hearing loss
using genetic testing may impact an infant’s management [6]. For example, infants with
identified mitochondrial mutations would be encouraged to avoid aminoglycosides.

Most relevant to this review, current UNHS is unable to identify patients with delayed onset
or progressive HL, even if that HL develops in infancy. Furthermore, current UNHS is not
100% sensitive and as a result, thousands of children with congenital HL may not be
identified by the current protocol. Some studies suggest this is because OAE measurements
and ABR screening protocols are not sensitive enough to detect mild hearing loss. While the
sensitivity for profound hearing loss is 98% for OAE and 90% for ABR, the sensitivities for
mild hearing loss are lower at 80% and 84%, respectively [20, 21]. False negative results
may also be the case for certain auditory neuropathies, depending on the assessment tool. A
number of these patients may have normal outer hair cell response as evaluated by OAE, but
would be found to have abnormal brainstem response if the newborn were screened using
ABR testing [22]. However, if such infants have a short hospital stay and are not
immediately sent for ABR testing, HL detection could be missed in this cohort of patients.

Many of the limitations seen in current UNHS could be improved by the addition of genetic
screening. Concurrent genetic screening would identify the etiology of many cases
congenital HL, and identify some patients at risk for delayed onset and progressive HL.
Furthermore, the addition of concurrent genetic screening may improve follow-up rates in
UNHS refer infants, and would positively impact management of infants in which the
etiology is identified. Although genetic screening would not be able to identify all cases of
pre-lingual hearing loss, it has the potential to greatly improve the sensitivity of the protocol.
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Genetic Screening Technologies

This review identified several different technologies used for genetic screening. Direct
Sanger Sequencing remains the gold standard of genetic testing and was used as the primary
or confirmatory method in 10 studies. However, advancements in NGS and the development
of microarray chips have allowed for rapid, cost-effective screening in population that had
previously been unthinkable.

The majority of studies included in this review screen for common mutations in the unique
populations studied, including GJBZ, SLC26A4, and mitochondrial RNA mutations
including mt1555G>A. Further details about specific genes screened and in the included
studies and other genes associated with pre-lingual HL are described in Table 3.

Direct Sequencing

Microarrays

Direct sequencing is used to determine the exact order of nucleotide bases in a given gene or
region of interest, typically 1000 base pairs in length [23]. The most widely used method is
Sanger Sequencing. The advantage of this method is that it is able to identify almost all
mutations present in a sequence, including novel mutations, and is considered the most
accurate. However, this method is the most time consuming, labor intensive, and expensive.
Thus, this method is now typically used to identify novel mutations or to verify results from
an experimental screening technology. This review identified several papers that used direct
sequencing as the primary screening mechanism, but these studies generally screened large
populations for 1-5 mutations in only 1-3 genes [24-30].

Microarrays, also known as mutation chips, offer a way to screen for multiple mutations at
one time. Mutation chips are easily customizable and can be adjusted based on the mutation
frequencies in a given population. They are also less expensive and faster than direct
sequencing since multiple genes can be screened simultaneously. However, this method is
only able to screen for the mutations included on the chip and cannot detect novel mutations
in a gene. Furthermore, although several mutations can be screened at once, there is a limit
as to how many mutations can be included without significantly increasing cost and time
[23]. Currently available mutation chips can identify anywhere from 15 to 300 mutations in
4 to 31 of the most common genes associated with hearing loss [23, 31]. This review
identified 7 studies that used microarray sequencing to identify known genetic mutations in
specific populations. In the majority of these cases, large populations were screened [32-
37].

Next Generation Sequencing

In our review, 5 studies incorporated NGS, considered the cutting edge of genetic
sequencing technology. As with Sanger sequencing, NGS, also known as massively parallel
sequencing, directly sequences DNA samples. However, unlike Sanger sequencing, NGS
sequences millions of DNA fragments in parallel rather than a single gene in a serial fashion.
This technology is most useful for resequencing many selected parts of a genome, such as
all exons from a particular set of genes [38]. Several NGS-based gene panels for

Int J Audiol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

D’Aguillo et al.

Page 7

comprehensive genetic testing for hearing loss are available on the market, and many more
are in development. Available panels screen for between 80 to 180 known deafness causing
genes and can take between 4 weeks to 3 months to complete [39].

The critical difference between Sanger sequencing or single mutation testing and next
generation sequencing (NGS) is sequencing volume. While the Sanger method only
sequences a single DNA fragment at a time, NGS is massively parallel, sequencing millions
of fragments simultaneously per run. This high-throughput process translates into
sequencing hundreds of genes at one time. NGS offers greater discovery power to detect
novel or rare variants with deep sequencing. The benefits of Sanger sequencing include fast,
cost-effective sequencing for low numbers of targets (1-20 targets) whereas NGS has higher
sequencing depth enabling higher sensitivity (down to 1%), faster turnaround time for high
sample volumes, comprehensive genomic coverage, higher throughput with sample
multiplexing, higher mutation resolution, more data produced with the same amount of input
DNA. It is not without its drawbacks, however. These include shorter reads, difficulty in
detection certain types of variation (e.g., repeat expansions), and some areas of the genome
which are resistant to NGS.

Population Applications of Widespread Genetic Screening

In the 16 studies in this review that incorporated genetic screening for HL with UNHS
results, 91.01% of infants passed UNHS and genetic mutations were detected in 8.59%. In
total, 545 infants were identified that passed UNHS but had a positive genetic screening,
with an average detection rate of 1.4%. It is important to note, however, that different patient
populations and different genetic screening methods were used in every study and the
number of genes and mutations screened was variable between studies. Furthermore,
identifying a genetic mutation does not always indicate that the individual will have or
develop HL and the included studies did not stratify prevalence of mutations by hearing
ability. Among studies that screened small cohorts with known HL, the UNHS pass/positive
genetic screening rate varied from 0.9 to 28.5% [28, 29, 32, 33]. In studies where large
populations were screened, the UNHS pass/positive genetic screening rate ranged from 0.04
to 1.91% [24-26, 37, 40-46].

Should genetic testing be incorporated into UNHS, large population analyses provide the
most relevant data. Wang et al. performed UNHS in combination with genetic testing in
14,913 Chinese newborns prior to discharge from the hospital [26]. DNA for genetic testing
was obtained from umbilical blood spot and stored on universal genetic screening cards that
could potentially last up to 16 years. Genetic testing of three common HL genes identified
306 newborns with at least one mutation and, in 25 of those patients, it was a causative
mutation. In the 86.1% (n=12,837) of newborns who passed the UNHS protocol, several
mutations were identified, including 17 cases of m.1555A>G and one case with both a GJB2
and an SLC26A4 mutation. In those newborns that were UNHS refer (n=2,076), genetic
testing demonstrated 18 patients with m.1555A>G and 5 GJBZ2 ¢.235delC homozygotes.
Thus, mutations were identified in both UNHS pass patients and UNHS refer patients,
indicating a role for genetic testing to complement UNHS in diagnosing HL.
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Zhang et al. (2013) performed another large-scale study on newborn infants in Tianjin,
China [42]. 58,397 infants were recruited to undergo standard UNHS and genetic screening.
Microarrays were used to screen for 20 common mutations on 4 genes. Mutations were
identified in 5.52% (n=3,225) of infants, and overall, 89.1% (n=52,020) of infants passed
UNHS. However, of the over 3,000 children with a mutation identified, only 0.25% (n=143)
were bi-allelic and thus considered genetic positive, while the vast majority were found to be
carriers. However, of the positive genetic screening group, 76.2% (n=109) had originally
passed UNHS. Overall, 0.19% (n=143) of infants enrolled in the study were considered
UNHS pass/positive genetic screening, indicating that they would not have been identified
had they not undergone genetic testing.

No studies of similar scale have demonstrated the utility of genetic testing as a complement
to the current UNHS in Caucasian or European populations. However, Schimmenti, et al.
(2011) used this concept and took infant bloodspots from the Minnesota Department of
Health in order to identify a cohort of patients who were UNHS refer [25]. These were
matched to infants who had passed UNHS during the same time period. 2,354 bloodspots
were analyzed for common alleles of GJB2 mutations. Twenty-three of the 1,177 bloodspots
of infants who were UNHS refer had a biallelic G/B2 mutation, a prevalence of 1 in 50.
Furthermore, a biallelic GJBZ mutation was also identified in an infant that had passed the
UNHS, suggesting a missed diagnosis and failure to identify potential HL in the traditional
screening method. However, the authors did not comment on the hearing loss phenotype
found in this patient. Although this represents a missed diagnosis in only 1 sample of 2,354,
only certain alleles for GJB2 mutations were analyzed. If expanded to incorporate more
mutations on different genes unique to the population, more infants would likely be
identified.

On the basis of these studies, this review showed that the overall weighted UNHS pass/
positive genetic screening rate was 1.4%, totaling 545 infants. These patients would not have
been detected by conventional UNHS had genetic testing not been incorporated. When this
rate is applied to the general U.S. population, thousands of additional infants with pre-
lingual HL could be identified annually. Furthermore, this review does not account for
patients who are UNHS refer and have a positive genetic screening and later developed
hearing loss. The addition of genetic screening for these patients would potentially establish
the etiology of their HL. These patients would likely experience benefits with increased
audiology follow-up, understanding of disease progression, and improved management.
Finally, incorporating genetic screening into UNHS would also identify HL gene carriers,
may help with early identification for siblings and other close family members, and may be
useful for family planning.

Cost of Genetic Screening

On average, the economic burden of severe to profound hearing loss in the United States is
estimated to be $297,000 over the lifetime of an individual [4]. This number can exceed $1
million in children with pre-lingual HL. Medical expenses for deaf individuals contributes
very little to the economic burden when compared to societal costs. Hearing impaired
individuals require special educational and social resources during childhood and
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adolescence with costs that can amount to over a half million dollars during the course of
their education [4]. As these children mature to adults, they lack economic productivity
when compared to their hearing peers. One study found adults with HL earn nearly 25% less
than their hearing counterparts, after adjusting for other factors [47]. Emmett et al. found
adults with HL had 1.58 higher odds of earning less than $20,000 per year and 1.98 higher
odds of being unemployed or underemployed when compared with their hearing peers [48].
The economic burden of HL in the U.S. is estimated to be between $1.8 billion and $194
billion annually, depending on the population studied [49].

For many, the primary argument against the incorporation of genetic screening into UNHS is
the additional cost. Accurate estimates of cost are challenging, as there are few rigorous
studies comparing NGS to other forms of testing, testing prices continue to fall, and the
diagnostic yield of testing increases [50]. For example, the estimated cost of a routine CBC
blood test in the UK is 5.60 pounds ($7.38 US), while a targeted genetic sequencing panel
could reach up to 530 pounds ($698.38 US) [50]. Abou-Tayoun, et al.(2016), in a
comprehensive study of the OtoGenome2 NGS panel for hearing loss, estimated the
technological cost to be $8 per amplicon [51]. They also factored in the time and cost
needed for analysis. They estimated a genetic counselor would take 22-102 minutes to
review the panel at $35/hour, followed by a review by a certified geneticist at $56/hour. They
found that by excluding genes with only weak associations to HL, they could potentially
save $26.82 per eliminated gene per sample.

One should expect costs of sequencing tests to fall as technology advances. When genetic
screening was first developed, the cost of analysis of a single gene ranged from $1,000 to
$3,000. Today, the cost of commercially available genetic panels screening between 29 and
129 genes ranges from $596 to $3,800, representing a 10,000% decrease in cost per gene

[6].

Genetic screening for congenital disorders in infants is not a novel concept in the U.S. In
most states, genetic testing is already provided for rare disorders identified by the US
Department of Health and Human Services Advisory Committee on Heritable Disorders in
Newborns and Children. Twenty-nine hereditary disorders have been mandated by the
American College of Medical Genetics, and individual states may add additional newborn
screening for rare disorders based on their unique populations. None of the mandated
disorders are present with the frequency of congenital HL. Although screening for these
hereditary disorders does not use the same genetic testing technology that would be used if
the current UNHS was expanded to include genetic screening, the concept of screening for
genetic disorders is not unique and an expansion of the scope of hereditary screening would
be both feasible and worthwhile.

The authors argue that any potential cost associated with genetic testing is outweighed by
the potential public health and economic benefit ensured by identifying thousands of
additional pre-lingual HL patients. As an example, if the estimated lifetime cost of a missed
diagnosis in an infant with pre-lingual HL is $1,000,000 [4], while the cost of our in-house
developed CapitalBioMiamiOto micro array panel is $30 per patient [5], over 33,000 infants
could be screened using the microarray panel for the same cost. CapitalBioMiamiOtoArray
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that allows simultaneous analysis of the nine most common mutations in patients of
European descent in five genes. It was developed using a universal array approach termed
multiplex allele-specific PCR-based universal array (ASPUA) and the amplification
refractory mutation system (ARMS) with the detection power of microarray hybridization.
The combination of the ASPUA and ARMS technologies have been found to be specific,
sensitive and has high resolution (Li et al 2008). Identifying these individuals early could
potentially offset the significant economic burden associated with undetected pre-lingual
HL.

Limitations of Genetic Screening

Despite its potential to revolutionize UNHS and improve the diagnosis of pre-lingual HL,
several authors have noted significant challenges that would be associated incorporating
widespread use of genetic deafness screening. Foremost, the heterogeneity of genetic
hearing loss, the hundreds of associated genes, and the variable penetrance associated with
many mutations may make the interpretation of results difficult. As Vona, et al., elegantly
pens, “the $1,000 genome, the $100,000 analysis” [52]. While screening large scale
populations may be technically and financially feasible, the additional cost associated with
statistical analysis, interpretation, and counselling is difficult to estimate and may be
burdensome. Additionally, novel mutations are routinely discovered, making pre-
programmed microarray panels potentially obsolete [23].

Furthermore, as the studies reviewed above indicate, genetic screening more frequently
identifies mono-allelic mutations than bi-allelic. Due to the variable penetrance of many
deafness causing genes, the impact and associated financial cost of ensuring follow-up for
these patients is unclear. Widespread genetic screening would thus identify millions of
carriers of deafness-causing genes, the impact of which cannot be underestimated. In some
patients, deafness causing genes may be identified before hearing loss manifests. This puts
an additional burden on providers to monitor patients without clearly established guidelines
in place. Conversely, patients without genetic risk factors identified may be less likely to
follow-up, regardless of the traditional UNHS results. Extensive family counseling would be
vital to ensure the success of the program. Finally, not all cases of undiagnosed pre-lingual
HL at birth would have a genetic cause. Although a large portion of additional patients may
be identified, the patients with environmental pre-lingual HL or mutations in novel genes
would be missed. As of yet, no screening method is 100% sensitive to identify all patients
with pre-lingual HL. Despite these significant hurdles, the authors believe that the addition
of widespread genetic screening to current UNHS would be ultimately advantageous, by
identifying thousands of additional cases of pre-lingual HL and ultimately reducing
healthcare and economic costs.

Limitations of this Review

The authors felt it was important to review the current literature on the addition of genetic
screening to the UNHS, but this review is not without limitations. Foremost, the 16 papers
included in the formal review consist of varied patient populations; some only include
patients with hearing loss, while others describe screening of the general population.
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Furthermore, the type of genetic testing and UNHS protocol used varies between studies.
Thus, UNHS pass and positive genetic screening rates are expected to vary widely between
these groups. Furthermore, as noted above, the UNHS and genetic screening are only
intended to identify infants who are af risk for hearing loss, and are not conclusive in their
diagnosis. Just as a UNHS refer infant does not conclusively have HL, an infant with a
positive genetic screening result does not guarantee a diagnosis of HL. Thus, the rate of
undiagnosed pre-lingual HL is likely to be lower than is estimated in this review, as patients
identified as UNHS refer or with a positive genetic screening will not necessarily have
hearing loss. Please also note that many of the studies included *“variants of uncertain
significance” when testing for genetic mutations and not just mutations confirmed to be
associated with hearing loss. These variants are included in the “positive genetic screening
group” and this may further dilute the results.

Conclusion

The primary aim in this review was to determine the impact of the addition of genetic
screening on the current UNHS protocol, specifically on the identification of undiagnosed
pre-lingual HL. Secondarily, the authors reviewed the latest advancements in genetic
screening technology and their impact on the future of newborn hearing screening. Overall,
the authors argue that the addition of genetic screening was successful in identifying patients
with pre-lingual HL, with the overall detection rate of UNHS pass/positive genetic screening
being 1.4%. The authors believe that genetic screening could identify an additional infant
with HL for every 42 infants screened. This represents the identification of thousands of
additional infants when applied to large populations. By creating population-specific
microarray or NGS-based gene detection panels, the most common mutations in different
communities could be screened cost-effectively. This screening should be applied as an
adjunct to UNHS nationwide, with the goal of screening all infants born in U.S. hospitals.
However, further research on cost analysis, genetic interpretation, and the societal
implications of widespread genetic screening is warranted. Despite these limitations, the
authors believe the addition of widespread genetic screening to UNHS will soon be both
financially and technically feasible, and necessary for the future of HL detection and
management.
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Figure 1: Study Selection.

The flowchart represents how studies were selected for inclusion and review in this paper.
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B Direct Sequencing M MPS/NGS M PCR-based ™ MicroArray

Figure 2: Type of Genetic Screening Technology Used
The number of each major genetic screening technology used by the studies included in this

review is represented here. The major technologies include direct sanger sequencing, next
generation sequencing, microarray sequencing and PCR-based screening.
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Figure 3: Suggested Newborn Hearing Screening Flowchart.
The authors propose adding genetic screening to the UNHS, as depicted by this flowchart.

Infants with risk factors for hearing loss include those with a NICU stay after birth,
prolonged inpatient use of antibiotics after birth, and mechanical ventilation, or as
determined by the UNHS legislation enacted in their respective state.
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