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Abstract: Congenital hearing loss is the most common birth defect, estimated to affect 2–3 in every
1000 births, with ~50–60% of those related to genetic causes. Technological advances enabled the
identification of hundreds of genes related to hearing loss (HL), with important implications for
patients, their families, and the community. Despite these advances, in Latin America, the population
with hearing loss remains underdiagnosed, with most studies focusing on a single locus encompassing
the GJB2/GJB6 genes. Here we discuss how current and emerging genetic knowledge has the potential
to alter the approach to diagnosis and management of hearing loss, which is the current situation in
Latin America, and the barriers that still need to be overcome.
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1. Introduction

Hearing loss (HL) affects ~30% of the world population at some time in their lives.
Clinically significant HL is present in ~2 per 1000 newborns in the U.S. [1] rising to at least
2.7 per 1000 by four years of age. According to the World Health Organization (WHO), more
than 1.5 billion people (~20% of the global population) currently live with HL, and more
than 5% of the world’s population—~430 million people—need rehabilitation. Estimations
indicate that by 2050, those numbers will rise to ~2.5 billion people having some degree of
hearing loss and ~700 million (or 1 in 10 individuals) requiring rehabilitation [2]). HL is a
major contributor to years lived with disability (YLDs) globally, for both sex and at all ages,
negatively affecting well-being [3].

HL is a condition of diverse presentation and etiology. It can be classified by severity,
by the level of hearing below the normal threshold measured in decibels (dB). A decrease
of up to 20 dB is still considered to be normal, a decrease of 26–40 dB is classified as
mild, 41–55 dB is moderate, 56–70 dB is moderately severe, 71–90 dB is severe and >90 dB
is profound [4]. The classification of hearing impairment can be performed with the
topographic and functional abnormality. Conductive HL (CHL) is characterized by external
ear anomalies or abnormalities of the ossicles in the middle ear. Sensory HL (SHL) is related
to dysfunction of the organ of Corti. Neural HL (NHL) is due to diseases affecting the
cochlear nerve (including its synapses), and Sensorineural HL (SNHL) is related to the
combination of both. In addition, central hearing loss is caused by defects of the VIIIth
nerve, the brain stem, or the cerebral cortex. Of course, HL can be associated with a mix
of the mentioned causes [5]. HL is also classified as progressive or non-progressive if the
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onset is before (prelingual) or after (post-lingual) verbal communication; syndromic or non-
syndromic if it appears alone or with other symptoms (30% and 70% of cases, respectively);
and bilateral or unilateral, affecting both or only one ear [6].

There are many known environmental and genetic causes of deafness. Environmental
factors include prematurity, hyperbilirubinemia, very low weight at birth, congenital
infections with agents such as rubella or cytomegalovirus, meningitis, severe chronic otitis
media, head trauma, pharmacologic ototoxicity, and exposure to loud or constant noises
(e.g., the use of headphones at high volume that is increasing the incidence of hearing
loss) [7], with many of these cases being preventable. Genetic factors account for ~50–60%
of congenital HL cases [1,8,9], and inheritance can be autosomal recessive (77%), dominant
(22%), and X-linked (1%) [10]. Genetic cases of deafness are mostly SNHL [11,12].

2. Genetic Discoveries Related to SNHL

Most congenital deafness is monogenic, but the high degree of genetic heterogeneity
made gene discovery a huge challenge. The rate of gene discovery can be divided into three
periods, coinciding with important landmarks as cutoffs (1) the discovery of the first gene-
related SNHL (2) the publication of the human genome, and (3) the cost per human genome
reaching USD~1000 (Figure 1). In 1993 Prezant et al. [13] described a nucleotide 1555 A
to G substitution in the 12S rRNA gene, related to non-syndromic sensorineural deafness
and susceptibility to aminoglycoside ototoxicity. Interestingly this site is implicated in
aminoglycoside activity [14]. In 1995, cases of progressive mixed HL, (conductive and
sensorineural) and characteristic bone anomalies were associated with sequence variations
in the POU domain of the BRAIN-4 (POU3F4, OMIM# 300039) gene [15]. The POU3F4 gene
located in the Xq21 band, encodes for a transcription factor [16–18] and is the most common
X-linked form of HL and despite low overall incidence, the discovery was facilitated by
clear mapping and linkage analysis. In 1997, mutations at a single locus, DFNB1 (OMIM
# 220290), accounting for 30–40% of non-syndromic sensorineural hearing loss in many
populations was discovered [19,20]. DFNB1 comprises the GJB2 and GJB6 genes, encoding
for connexins 26 and 30, both subunits of gap junction proteins expressed in the inner ear
forming channels between adjacent cells for small molecule exchange. In addition, large
deletions spanning the GJB6 gene can cause deafness when present in trans with a single
pathologic GJB2 mutation [21–24]. Currently, the deletions at the GJB6 gene are associated
with the regulatory region of GJB2, more than the coding portion of the GJB6 gene itself [25].

The publication of the human genome, taken as the second landmark, was crucial for
the detection of new genes associated with HL, doubling the rate of discovery from the
previous period, and marking the beginning of a tendency that later improved with the
combination of novel technologies, such as Next Generation Sequencing (NGS) or massive
parallel sequencing, and reduced costs for NGS (Figure 1). Deafness’ high degree of related
genetic heterogeneity reflects the diversity of specialized proteins required to make sense
of sound and provides different points of entry into the biology of hearing. So far, genes re-
lated to HL are associated with proteins with a diverse range of functions such as adhesion,
cytoskeleton, enzymes, extracellular matrix, GAP junction, ion channels, transporters, inte-
gral membrane proteins, motor, macromolecular organizers, neurosynaptic, tight junction,
translation, and transcription regulators, and some with still unknown functions [26]. In
addition to this etiological heterogeneity, locus heterogeneity, as in Usher syndrome [27]
exemplifies the complexity of the endeavor. Several efforts to curate the HL-related gene
list were made. The Hereditary Hearing Loss and Deafness Homepage [28] listed a total
of 124 independent non-syndromic causative genes by August 2021 (last actualization),
categorized into 77 with recessive inheritance, 51 with dominant inheritance, and 5 linked
to the X chromosome (some of which can cause both recessive and dominant hearing im-
pairment). The Clinical Genome Resource (ClinGen: https://clinicalgenome.org/, accessed
on 25 January 2024) Hearing Loss Clinical Domain Working Group expert has developed a
semiquantitative framework to assign clinical validity to gene-disease relationships and
reported the curation of 164 HL disease gene pairs [24,25]. The GeneReviews® entitled
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Genetic Hearing Loss Overview by Eliot Shearer et al., initially published in 1999, with a
last update in September 2023, have up to date information about deafness in general and a
current list of genes related to hearing loss [29]. In addition, links to the National Institute
of Health (NIH), Genetic Testing Registry [30], are included for each gene.
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Figure 1. The gene discovery rate for SNHL. The curated list of genes related to hearing loss
https://hereditaryhearingloss.org (accessed on 26 January 2024), was used to analyze the rate of
HL-related genes discovered/year (# means number). We defined three different periods, with the
beginning of each period coinciding with a specific landmark. Period 1 (6 years) began with the
discovery of the first SNHL gene in 1993, Period 2 (15 years) began with the publication of the human
reference genome in 2000, and Period 3 (7 years) began with the cost per human genome reaching
USD~1000 in 2015 and ending in 2021. The total number of genes discovered in each period is shown
in brackets.

The genetic diagnosis of HL in the genomic age is possible, with current and emerging
technologies fast tracking the diagnosis and prevention of hearing loss, for example, by
rapidly identifying children susceptible to antibiotic-induced HL [31]. Molecular genetic
testing is the standard of care in the evaluation of individuals with HL recommended by the
American College of Medical Genetics and Genomics (ACMG) in the United States [32] and
guidelines have been developed to facilitate the diagnosis. Gene panels, allowing for the
simultaneous evaluation of numerous genes or genetic variants in a single assay were used.
Specific panels typically confined their sequencing to a predetermined set of genes, chosen
and selected by the operator, with drawbacks, such as their inability to identify variants
in genes excluded from the panel, the exclusion of intronic variants, and the necessity
to reanalyze negative samples as new hearing loss-related genes were discovered [33,34].
Modern genetic panels employ next-generation sequencing technologies, enabling highly
efficient massively parallel sequencing, which yields significantly faster and more complete
results compared to traditional methods. Confirmation tests are subsequently conducted
for any identified variants using Sanger sequencing to facilitate testing in other family
members. In addition, whole exome and whole genome sequencing approaches are the
preferred method, when possible, since, by sequencing all genes, they have the potential to
identify variants in any region [35].

The genetic, genomic, and clinical data accumulated is readily accessible through
databases such as ClinVar and the Human Gene Mutation Database, both of which con-
stantly curate the fast growing volume of reported genetic variants. The Deafness Variation
Database is a deafness-specific open-access resource for clinical and research use that in-
tegrates all available genetic, genomic, and clinical data for research and clinical use [36].
Moreover, the Clinical Domain Working Group of the Hearing Loss Clinical Genome Re-

https://hereditaryhearingloss.org
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source (ClinGen) has adapted the ACMG/AMP guidelines for the classification of genetic
variants within the context of HL [37]. All these databases and efforts improve the effective-
ness of genetic testing, however, racial/ethnic disparities for diagnostic efficacy are well
described [38].

3. Importance of Early Detection of Genetic Causes of Deafness

Estimates of the global costs of hearing loss indicate that they go well beyond health
and education, with exclusion from the labor force and poor quality of life being major
contributors [39]. Hearing loss is on the rise worldwide. Failing to address the requirements
to mitigate the number and severity of cases would not only result in increased financial
burdens on healthcare systems, but also negatively impact individuals through social
isolation and heightened poverty, and have broader consequences on society, leading to
decreased overall productivity.

Newborn hearing screening is a widely practiced procedure worldwide, serving as a
crucial tool in early identification, diagnosis, and intervention for hearing-related issues.
Nevertheless, there is a subset of neonates who may pass the initial newborn hearing
screening but subsequently exhibit delayed-onset and progressive hearing loss or increased
vulnerability to ototoxic medications [40]. In a study performed in Beijing with parallel hear-
ing and genetic screening performed on 180,469 newborns 25% of infants had pathogenic
variants of GJB2 or SLC26A4 and passed the routine newborn hearing screening [41]. Si-
multaneous screening for both hearing and genetic factors in newborns is anticipated to
assume pivotal roles. This dual screening approach not only enhances the early detection
and diagnosis of congenital deafness, prompting timely intervention, but also holds the
potential to predict the emergence of late-onset and progressive HL. Furthermore, it aids in
the identification of individuals at risk of hearing loss induced by pharmaceutical agents.
While the Universal Newborn Hearing Screening (UNHS) is recognized as an immensely
successful global public health initiative, it does possess certain limitations, since not all
forms of hearing loss can be promptly identified through screening immediately after
birth due to delayed onset. HL can have a significant impact on an individual’s ability
to communicate, their overall quality of life, and their educational attainment [42], and
early detection represents one of the most promising ways to reduce SNHL sequelae and
to promote language and cognitive development [43]. This involves screening and timely
interventions during childhood, which can also help avoid the administration of harm-
ful medications in high-risk situations [2]. In addition, there are studies indicating that
speech acquisition, auditory performance, and academic achievement are better if cochlear
implants are provided before 3 years of age if needed [44–47].

Determining the genetic cause of hearing loss provides vital information, including
prognosis. For example, some studies indicate that affected individuals carrying two
truncating/nonsense variants in GJB2 tend to have a more severe degree of hearing loss
compared to those with two missense variants [48,49]. Additionally, patients with ge-
netic variants in GJB2 exhibit excellent speech perception/production skills after cochlear
implantation [48]. Genetic testing can also indicate whether hearing loss is expected to
be progressive or non-progressive. In addition, since ~30% of genetic HL is syndromic,
genetic testing enables not only the identification of candidates for cochlear implants but
also helps to pinpoint possible comorbidities early. Seeking an early diagnosis based on
precise data reduces unnecessary investigations, accelerates referral for specialty care, and
promotes timely treatment. Incorporating genomic sequencing improves clinical diagnosis
and decreases the time to early intervention efforts and treatment [32,50].

Genetic testing also provides the opportunity of genetic counseling regarding the
chance of recurrence a fundamental information for family planning. Moreover, it was
reported that for patients and their families, just knowing the etiology of HL provides
psychological and emotional well-being [51].

In the era of precision medicine, a model for healthcare delivery that relies heavily on
data, analytics, and information, the accessibility to genetic testing is crucial [52]. Ensuring
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a precise and accurate molecular diagnosis is necessary to improve clinical management
and for the implementation of effective surveillance and prevention initiatives. The ability
to develop a more precise etiological understanding of many human conditions has sparked
greater hope in improving our comprehension of the genetic causes of deafness, enhancing
the prevention of this condition, and envisioning personalized therapies for patients [53,54].
To carry out efficient precision medicine, it is essential that the patient can provide their
data through informed consent and that these data are accumulated in repositories so
that researchers can access them and carry out an adequate analysis that allows them
to identify not only the cause of that hearing loss but also the development of auditory
rehabilitation [55], and eventually, the possibility of personalized treatment. Genetic testing
for pediatric HL has changed the approach to clinical evaluation; however, there is still a
great deal of work to be done to expand its use [56].

4. Individualized Prevention and Treatment for SNHL

The prevention of hearing loss is crucial at every stage of life, including prenatal,
perinatal, and older age. Recent global data reports that ~34 million children have HL, and
almost 60% of them result from preventable causes that can be addressed through the appli-
cation of public health measures. [2]. Genetic testing and counseling are the foundation for
the prevention of HL. Apart from genetic counseling for family planning, one well-known
example is drug-induced ototoxicity. Aminoglycosides are broad-spectrum antibiotics that
can lead to side effects such as nephrotoxicity, vestibulotoxicity, and ototoxicity [57]. One of
the first discoveries in HL genetics was that aminoglycoside-induced ototoxicity clustered
within families, and this trait was maternally inherited, consistent with mitochondrial inher-
itance. Additional studies have demonstrated that this susceptibility is caused by a variant
in the 12S rRNA (RNR1) m.1555A > G [13] that induces a change in the conformation of
the 12S rRNA, resulting in a structure similar to bacterial 16S rRNA, having a reported
prevalence of 0.2% (approximately 1 in 500). Since aminoglycosides, in conjunction with a
β-lactam, are the first-choice antibiotic for the treatment of sepsis in the neonatal period,
the implementation of a rapid point-of-care test (POCT), could facilitate tailored antibiotic
prescription to avoid HL [31,58].

Molecular therapies such as gene replacement, gene suppression, antisense oligonu-
cleotides, RNA interference, and CRISPR-based gene editing [59–62], as well as precise deliv-
ery methods, techniques, and viral vectors employed for inner ear gene therapy are actively
under investigation [63–67]. Gene therapy for HL is actively growing, and exciting new gene-
therapy-based strategies to restore and prevent SNHL are arising [59] with proof-of-principle
studies demonstrating the therapeutic potential of molecular agents delivered to the inner ear
to treat or ameliorate different types of SNHL [68,69]. These advancements are rapidly paving
the way for basic science research discoveries to transition to clinical trials, with genetic testing
being foundational for the development of novel personalized therapeutic options. By late
2023, at least three separate clinical trials have been approved for DFNB9: OTOF-GT by Senso-
rion [70] https://www.sensorion.com/en/our-approach/restore-treat-prevent/ (accessed on
25 January 2024), AK-OTOF by Akouos, and DB-OTO by Regeneron Pharmaceuticals, Inc.
(previously Decibel Therapeutics). Recently, Regeneron Pharmaceuticals, Inc. announced
preliminary results showing that gene therapy improves auditory responses in a child
(<2 years of age) with profound genetic HL related to variations in the otoferlin gene [71].
These are exciting new developments, both in basic science and in clinical trials with nu-
merous challenges such as safety and longevity of the treatment, critical therapeutic time
windows, and treatment efficiency

5. Strengths and Barriers to Genetic Testing in HL

The strength of personalized medicine resides in a patient’s specific information
regarding their condition. This aligns with the clinical duty to ensure that benefits outweigh
harms for patients, with the latter being minimized as much as possible. Personalized
medicine, given its greater ability to understand the unique aspects of each disease, should

https://www.sensorion.com/en/our-approach/restore-treat-prevent/
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establish an ever-evolving feedback system as its ethical foundation [72]. Acceptance from
society is essential for this kind of medicine, not just due to its accuracy and efficacy, but
also because medicine is inherently a moral domain. The issue of privacy is central to
precision medicine because patients must feel confident in sharing information with their
healthcare providers and be guided by recommendations that often hinge on their specific
genetic variations. By ensuring this, it becomes possible to align scientific and technological
advancements with the concerns, principles, and values of society [73]. In genetic testing,
informed consent is of paramount importance due to the profound implications of using a
patient’s genetic material. As articulated in the Nuremberg Code, the voluntary consent
of the human subject is essential and serves as the foundation for upholding the primacy
of human dignity. Additionally, the scrutiny of private information deserves careful
attention, as the analysis of specific genetic data may affect not only the patient but also
their family [73]. Precision medicine must embrace patient-centeredness and engagement,
digital health, data sharing, data science, genomics, and molecular technologies to be
successful [52]. The limited use, thus far, of many technologies enabling early and accurate
diagnoses calls for a commitment to ethical responsibility. It’s essential to uphold integrity
from data collection through the implementation of personalized treatments to ensure that
these ethical concerns do not become barriers hindering early diagnosis [55].

One specific hurdle for the hearing-impaired community is infrequent or ineffective
interactions within the healthcare system. Difficulties in communicating through sign
language, particularly with healthcare providers, can impede access to healthcare services,
as well as hinder health education, outreach efforts, and disease monitoring. Personalized
medicine should play a crucial role in addressing the issue of patients not having access
to appropriate treatments. With the increase in treatments that are based on precision
medicine, the inclusion of individuals with hearing loss holds great promise and has the
potential to significantly improve their quality of life. However, given the significant
challenges faced by the deaf community in clinical settings, it is essential to gain a deeper
understanding of the barriers they encounter to ensure they can access the benefits of
scientific knowledge [55].

Another challenge arises from potential disagreement in the understanding of deafness
as a disability. While the medical perspective sees deafness as a condition requiring
treatment, members of the Deaf community may view it as an aspect of their identity
and a source of pride. This divergence in views can hinder the establishment of trust
between healthcare professionals (clinicians or researchers) and patients, leading some to
reject or doubt the benefits of personalized medicine. In addition, HL might introduce
a communication barrier between healthcare professionals and patients that needs to be
narrowed [53].

The early identification of many genetic diseases relies on collaboration among dif-
ferent disciplines and experts. This interdisciplinary approach can sometimes complicate
early diagnosis, emphasizing the need to streamline processes across multiple fields to
shorten the time required for detecting potential genetic diseases. To ensure personalized
medicine’s positive impact and benefit for patients, it’s vital to remove barriers that might
impede patient participation in this research. Understanding their concerns and promot-
ing inclusivity while reducing health disparities are of paramount importance. Effective
communication with healthcare professionals should be prioritized, and steps should be
taken to narrow the divide between those who can participate in studies and those who
cannot [53].

6. Current Situation in Latin America

Latin America is a vast region that includes Argentina, Bolivia, Brazil, Chile, Colombia,
Costa Rica, Cuba, Dominican Republic, Ecuador, Guatemala, Honduras, Mexico, Nicaragua,
Panama, Paraguay, Peru, Puerto Rico, El Salvador, Uruguay, and Venezuela [74]. Data
regarding the frequency of hearing disorders in Latin American countries is quite limited.
Estimates reported in the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD)
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in 2019 can give an idea of YLDs and prevalence for children with severe, profound, or
complete hearing loss (that at birth was attributable to congenital hearing loss). Glob-
ally, YLDs for hearing loss at <5 yo are 1.48% and at 5–14 yo 2.64%. On the bright side,
Latin America, as a region, is in better shape, where for children <5 yo the YLDs is 0.8%,
and for children from 5–14 yo is 1.52%, with similar prevalence and YLDs in countries
throughout the region. However, in comparable high-income countries, such as West-
ern Europe, Canada, and North America, those values are 0.63% and 0.97%, respectively
(Figure 2, and Supplemental Figure S1) [3]. As these data do not discriminate between
environmental and genetic causes, the higher prevalence of childhood HL is probably
attributable to an increase in preventable forms of deafness, because it was reported that
the relative contribution of environmental and genetic factors to the etiology of HL is
highly correlated to ethnicity, the level of socio-economic development, and demographic
region [3]. Although progress has been made in recent years related to prenatal and neona-
tal health care and immunization programs, complications within those periods and their
management, are still significant causes of HL. In addition, since the use of hearing aids is
calculated as an improvement in hearing level, these percentages may also reflect an earlier
intervention in high-income countries [3]. There is a crucial need for extensive, well-crafted,
and reliable epidemiological and prevalence research studies for Latin America, since a
significant majority, around 80%, of individuals experiencing disabling hearing loss reside
in countries with lower and middle incomes [2]. Encouraging and promoting these studies
is essential to gain a deeper understanding of the issue and explore potential solutions.
Unless action is taken, the rise of hearing impairment in the Latin American population
will be exponential. WHO projections of 56 million cases by 2030 and 87 million cases by
2050 for the region raise significant concern given the barriers these countries face [75]. For
example, in Argentina, based on the results of the National Study on the Profile of People
with Disabilities conducted in April and May 2018 and presented by the National Institute
of Statistics and Censuses (INDEC), the estimated population with hearing difficulties
among children aged 6 and older is 20.8%. In this context, the distribution by severity
of hearing impairment indicates that 49.0% cannot hear or use a hearing aid or cochlear
implant, while 51.0% experience significant difficulty in hearing. [76,77]. In Brazil, by
2010, the incidence of hearing impairment was approximately 4 cases per 1000 births [78].
Environmental factors contribute to 80% of these cases, while genetic factors are responsible
for the remaining 20% [79]. In 2022, Colombia documented 569,311 births based on data
from the National Administrative Department of Statistics (DANE). Among these births, it
is estimated that 2276 children (4 per 1000 births) experience permanent hearing loss [80].
In Colombia, according to information from the 2018 National Census of Population and
Housing, the number of people reporting being deaf or having significant difficulty hearing
was 314,320 (0.65% of the population). Among children aged 0 to 4 years, 4.8% “Can-
not hear” (2.6% male and 2.2% female), and 1.4% “Can hear but with much difficulty”.
The most common causes of disability for “Cannot hear” were congenital (44.3%), while
31.0% attributed it to an acquired condition. In the case of “Can hear but with much
difficulty”, 12.9% were born with the condition, and 38.4% indicated that an illness caused
their difficulty in hearing [81,82]. In Mexico, as of 2017, it was estimated that around
10 million people were grappling with different degrees of hearing problems. Among them,
200,000 to 400,000 individuals were experiencing complete deafness. Additionally, 2000 to
6000 children were born each year with congenital deafness. These figures highlight the
significant public health issue of hearing disorders in the country during that year [83]. The
World Health Organization approximates that untreated hearing loss results in a yearly
worldwide expense of USD 980 billion. This encompasses expenses in the health sector
(excluding the cost of hearing devices), support for education, productivity loss, and so-
cietal costs. More than half of these costs, 57%, are linked to countries with lower and
middle incomes [2]. Evidence from the literature suggests that HL is not a high priority for
many Latin American countries [84,85]. The UNHS is still not yet fully implemented in
the region, with impairments that include limited funding, inadequate support services,
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shortage of qualified personnel, very long distances, and irregular distribution of both
material and human resources. However, there have been improvements in the region for
early detection of HL in the last few years. Argentina and Brazil have been pioneers in
addressing the UNHS efforts since the 1990s. In Argentina, legislation from 2001 declares
that all newborns have the right to be screened for hearing loss and to receive appropriate
diagnostic evaluation and treatment. Brazil has the largest and oldest NHS programs in
Latin America, with screening sites in different states. The law that determines that UNHS
is mandatory for all children was approved in 2010. Colombia, which ranks among the
lowest in Latin America in terms of compliance, passed the Law 1980, in 2019, granting
every newborn the entitlement to undergo this crucial examination. In 2020, a global study
reporting statistics for Colombia revealed that only 2.3% of newborns underwent neonatal
hearing screening, clearly depicting an improvement need [86]. Some global efforts are also
worth mentioning, such as the development of the hearWHO mobile and web-based app
for auditory screening, intended for use across all Latin American countries, encouraging
regular hearing checks, especially for those at a higher risk of hearing impairment. There’s
also a professional version, hearWHOpro, tailored for health workers that enables health
professionals to assess the hearing of community members, with the capacity to store
extensive participant data concurrently [2] and World Hearing Day, serving as an annual
global event, raising awareness about HL and advocating for ear and hearing care, with
numerous Latin American countries participating [87].
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Genetically speaking, the Latin American population exhibits varied genetic back-
grounds, reflecting a mix of Native American, European, and African ancestry compo-
nents [88]. While the ancestry of Latinos may share connections with individuals from
these other regions, they represent a unique ethnic group [74], with the potential to make
exciting contributions to the HL field, as adding to the array of variants within known
genes, the discovery of novel inheritance mechanisms and the possibility of identifying
new candidate genes.

The genetic etiology of NSHL in Latin America was very nicely reviewed by Lezirovitz
and Mingroni-Netto in 2022 [88]. Following the groundbreaking revelations about the
GJB2/GJB6 role, early studies on the genetics of HL in Latin America primarily concen-
trated on addressing the prevalence of pathogenic variants in these genes. A single chain
nonsense mutation, c.35delG (NM_004004.6:c.35del; NP_003995.2: p. Gly12ValfsTer2) is the
GJB2 most frequent pathogenic variant across many different populations, with a carrier
frequency as high as 1 in 31 in Caucasians from the Mediterranean [89–91], and accounting
for up to 70% of pathologic alleles in Caucasian populations. The low frequency of c.35delG
among non-European descendants, such as the Japanese or the African populations, the
presence of linkage disequilibrium, and haplotype analysis suggest that it arose from a sin-
gle individual 10,000 years ago, and its present distribution is the consequence of a founder
event followed by migrations [91–93]. Approximations of the prevalence of c.35delG het-
erozygotes in various European nations vary between 2 to 4% within the normal hearing
population. In Argentina it was found that the c.35delG mutation is the most frequent
cause of NSHL, with a frequency of 1.5% in heterozygotes, a little lower than the observed
among the European populations [48,94–96]. In Brazil, mutations in the GJB2 gene are the
leading cause of deafness in autosomal recessive inheritance, and the c.35delG mutation
is the most common variant in many ethnic groups [78], where 1 in 51 Caucasians (1.9%)
carries the c.35delG mutation, aligning closely with the rates observed in most European
populations [97]. Studies form several regions of Brazil indicates that the c.35delG mutation
is very common, with prevalence that can range from 0.97%, in neonates in the state of Sao
Paulo (identified in 1 out of 103 neonates) [98], to 12.4% overall, where this mutation was
identified in 23% of familial cases and 6.2% of sporadic cases [99]. Genetic studies of the
GJB2 gene from the Latin American hearing loss population confirmed the importance of
GJB2 variants as a frequent cause of non-syndromic sensorineural hearing loss, gave further
support for the pathogenicity of many GJB2 variants and contributed to the description of
novel pathogenic variants [48,88–99]. Mitochondrial variants in Latin America are mostly
studies of the m. 1555A > G variant [88,100,101]. Despite little information regarding the
presence of other mitochondrial mutations [88], the presence of m. 1555A > G, in ~0.7% of
all HL cases screened in the region makes it a good candidate for quick genetic screening
to prevent drug induced ototoxicity. OTOF variants were also studied and confirmed to
be an important cause of ARNSHL in the region. The studies performed in Latin America
contributed to the description of novel variants, and contrary to what was observed for
the GBJ2 gene, the OTOF main variant in the Spanish population, p.Gln829Ter, was not
found to be very prominent [88], clearly indicating the difficulty of extrapolating variant
frequencies for different populations.

The description of genetic heterogeneity for HL within large families was previously
reported in Latin America [102–104], as novel inheritance patterns for known genes. For
example, in Brazilian families, the c.2090 T > G: (p.Leu697Trp) variant in the MYO3A
gene was associated with AD inheritance [105,106] in contrast with the AR inheritance
previously reported for this gene [28]. In addition, new candidate genes were revealed by
the study of prominent Latin American families, for example, NCOA3 which was recently
indicated as a candidate gene to explain autosomal dominant hearing loss in a Costa Rican
family [107].

As mentioned above, molecular genetic testing is the standard of care in the evaluation
of individuals with HL recommended by the ACMG in the United States [32], but what
is the current situation in Latin America? A recent work focused on the analysis of racial
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and ethnic disparities in genetic testing for HL by quantifying racial/ethnic disparities. It
included the analysis of 1355 populations representing 311,092 subjects from 1165 published
studies. It was found that subjects of European and Asian ancestry were equivalently
represented, but those of Latino American, African, and indigenous North American
ancestry were significantly underrepresented. Over 96% of all subjects in the published
literature were European or Asian. Specifically for Latin America, when included, most
subjects derived from a small subset of countries, mainly originally from Brazil, Argentina,
and Mexico [38]. The analysis of the populations included in the overall published studies
over time as a function of their geographic ancestral groups showed a very reduced
inclusion from Latin American populations in the analyzed period (1992–2020). When
the genetic testing method for each population was observed, categorized as single-gene
testing (45% of all subjects), multiple-gene testing (47%), or whole-exome sequencing (8%),
the data showed that European subjects outnumbered Latin American subjects in single-
gene testing reports by 18-fold, in multiple-gene testing by 250-fold, and whole-exome
sequencing by 39-fold [38], depicting a huge disparity that must still be overcome.

For a long time, most studies in the region were limited to c.35delG screening, aiming
to develop affordable genetic tests with immediate relevance for diagnosis, genetic counsel-
ing, and prognosis, particularly for admixed populations with contributions of European
ancestry. In most regions, even basic screenings like GJB2/GJB6 are not available, and
worse, numerous individuals with hearing impairment lack access to proper rehabilitation
or genetic services. While Next-Generation Sequencing (NGS) is widely utilized in devel-
oped nations for the molecular diagnosis of HL, its adoption in Latin America remains
far from optimal. Consequently, molecular HL diagnosis is not integrated into the public
healthcare systems for most parts of the region. The genetic diversity of SNHL poses a
substantial challenge for molecular diagnosis, especially in underdeveloped and genetically
heterogeneous Latin American nations. In addition, the significance of each gene or genetic
factor may vary significantly among diverse Latin American populations. Pinpointing
the most frequently altered genes and variants in Latin America holds the potential to
guide the prioritization of screenings, fast-tracking the development of more affordable
and efficient screening strategies with direct applications in genetic counseling [48,89].
In Latin America the distribution and access to genomic medicine and innovations faces
significant barriers beyond mere access to technology, including all previously mentioned
barriers as well as the lack of trained genetic counselors. The most evident deficiency
in healthcare system capacity lies in the shortage of human resources. In low-income
countries for instance, nearly 78% have fewer than one ear, nose, and throat specialist per
million people. Additionally, 93% lack one audiologist per million, only 17% have one or
more speech therapists per million, and 50% have one or more teachers for the deaf per
million. Even in countries with a relatively high number of professionals in ear and hearing
care, uneven distribution and other factors can hinder accessibility. This not only presents
challenges for those in need of care, but also places undue burdens on the professionals pro-
viding these services [108]. As discussed by Mitropoulos K. et al. [109], genomic medicine
implementation cannot adhere to “one-size-fits-all-countries” and, as a resource-limited
region, recognizing an individual country’s pressing public health priorities and disease
burdens will be the way to go. Increased genetic testing, as well as increased inclusion
in genetic hearing-loss studies are needed to reduce the regional disparity in diagnostic
efficacy of comprehensive genetic testing. In addition, the prevalence of genetic impact
and genetic factors associated with hearing impairment must be addressed to improve the
unmet healthcare needs. The identification of new genetic variants associated with hearing
loss in Latin America populations will pave the way for the development of effective
screening tools and therapeutic strategies to either cure or slow down the progression of
this condition [110,111].



Genes 2024, 15, 178 11 of 16

7. Conclusions

Persistence in researching potential methods to prevent hearing loss is crucial, as it has
the potential to profoundly impact a patient’s life and contribute to reducing the impact
of this condition on future generations. There is no doubt that advances in personalized
medicine will play a significant role in developing highly promising preventive measures,
with significant progress in personalized treatment. However, it is crucial to include
participants from Latin American backgrounds in genetic studies to narrow the existing
gap in our understanding of the prevalence, impact, associated genetic factors, and unmet
healthcare needs.

Ensuring equitable access to the health system for hearing loss in Latin America is
not an easy or short-term task. There are multiple changing variables and urgent and
structural issues within the social, economic, and cultural context. Nevertheless, changes
are happening worldwide in treatment, diagnosis, and communication, and Latin America
should be included. To reduce the access gap, initiatives should encompass comprehensive
awareness campaigns, with affordable and accessible hearing screening programs, and
educational outreach to promote ear health practices. Community involvement is a crucial
part of research and outreach is key. Conducting studies that include diverse patient popu-
lations representative of Latin America will contribute significantly to the understanding
of regional factors influencing hearing health.

Latin America, as a region, needs education, development, and the implementation of
genomic medicine ethically and cleverly, maximizing resource usage, to reduce disparities
fully and safely (Figure 3). By prioritizing inclusivity in research, we can tailor interventions
to the specific needs of the population and work towards reducing the burden of hearing
loss across the region. Leveraging technology, social media, and telehealth services can
further enhance accessibility to hearing care, fostering a more equitable and sustainable
approach to addressing this public health challenge. Involving social sciences, and commu-
nication, to provide guidance and support may ease the limitation of insufficient resources
and lack of accessibility to medical health care and personalized medicine in the region.
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