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Introduction
The World Health Organization estimates that 278 million people worldwide 

have moderate to profound hearing loss (HL) in both ears, and 80% of them live in 
low and middle income countries.1 There are no good data to indicate how many 
of these individuals are children. A recent study estimates that congenital severe-
to-profound sensorineural hearing loss (SNHL) occurs in 3 per 1000 births in the 
industrial countries.2 The prevalence of congenital hearing loss in low and middle 
income countries is largely unknown. Congenital SNHL can result from genetic 
and/or environmental causes. Environmental or acquired factors play a large role 
in SNHL in developing countries, whereas improved medical care in developed 
countries has led to a reduction in the prevalence of congenital SNHL due to these 
factors.1 Just as the overall prevalence of congenital SNHL is ill defined, even 
less is known about the prevalence of and specific etiologies of genetic SNHL in 
these environments. In fact, all evidence suggests that the specific genetic causes 
of SNHL vary greatly with the region. In this chapter, we will use the experience 
of developed countries as a springboard in understanding the added complexities 
to the genetic origins of HL in developing countries.
Overview of the Genetics of HL in Developed Nations

In developed countries, 50-60% percent of congenital SNHL cases are of 
genetic origin. These cases can be categorized as either syndromic (i.e. with 
associated abnormalities), accounting for 30% or non-syndromic, accounting 
for 70%.2 They are often further categorized by mode of inheritance namely 
autosomal recessive (80% of SNHL cases), autosomal dominant (18%), X-linked 
(2%), and mitochondrial (<1%). Greater than 400 syndromes have been identified 
with hearing loss as one of the symptoms. Among the more common syndromic, 
autosomal recessive disorders are Usher syndrome, Pendred syndrome, Alport 
syndrome, and Jervell-Lange-Nielson syndrome.3 For nonsyndromic SNHL cases, 
current genetic research has identified more than 40 genes linked with autosomal 
recessive inheritance, 25 genes with autosomal dominant inheritance, and 3 genes 
with X-linked inheritance. It is important to note that some of these genes may 
show both recessive and dominant patterns of inheritance. For example both 
types of inheritance can be seen for the most common type of non-syndromic 
SNHL in developed countries, the connexin 26 gap junction gene GJB2. A very 
comprehensive list of genes associated with both syndromic and non-syndromic 
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hearing loss and their functions may be found at the hereditary hearing loss 
homepage (hereditaryhearingloss.org).4 

Because genetics is a very large contributing factor to non-syndromic 
hearing loss in developed countries, the specific frequencies of common mutations 
have been well studied. In developed nations, mutations in the GJB2 gene (at 
the DFNB1 locus) cause approximately half of all case of severe to profound 
congenital hearing loss.3 Among whites in the United States, Northern Europe, 
and Mediterranean populations, mutations in the GJB2 gene account for 30-40% 
of non-syndromic hearing loss. The most common mutation in this population 
is the 35delG mutation, representing 70% of mutant alleles.5-6 The prevalence 
of GJB2 mutations in non-syndromic SNHL cases in other developed countries 
varies but is still relatively high given the heterogeneity of non-syndromic SNHL. 
Other populations where the prevalence of GJB2 mutations have been studied 
and recently reviewed include Italy (37%), Israel (39%), China (20%), Taiwan 
(14.8%), Turkey (34%), the Kurdish population of Iran (22%), and Palestinian 
families (23%).7-9 The 35delG mutation is not always the most common mutation 
among these populations. For example, among Asian populations, the 235delC 
mutation is most common. These results suggest that GJB2 should be a high 
priority gene to be tested when presented with a case of recessive non-syndromic 
hearing loss. 

Genetic testing provides the etiologic diagnosis of hearing loss, providing 
the physician and patient with data to aid management and intervention of babies 
with hearing loss.10 For example, patients with GJB2 associated hearing loss have 
particularly good outcomes after cochlear implantation.6 Until a few years ago, 
technology for clinical diagnosis allowed for testing of only one gene or a few 
genes in sequential order. With over 110 loci and more than 65 genes identified to 
cause hearing loss, hearing loss exhibits great locus heterogeneity.2 The decision 
of which gene to test, the cost of each test, and knowing how to interpret and 
act on the results makes the test selection challenging. Parallel sequencing and 
analysis of many of the genes associated with hearing loss is now available. 
For example, the Laboratory for Molecular Medicine (LMM) in Cambridge 
Massachusetts, offers the OtoChip for testing 19 genes associated with hearing 
loss in parallel. Because the test for a single gene can have higher sensitivity and 
lower cost than chip based approaches, the LMM recommends when testing non-
syndromic patients to first test for GJB2 and the common GJB6 variants before 
using the chip based test. When mutations in GJB6 are present, these mutations 
often combine with a heterozygous GJB2 mutation to cause hearing loss. In the 
case of the LMM, the initial two-gene test costs $400 and has a turnaround time 
of 3 weeks, while the chip-based test costs $3,800 and has a turnaround time of 8 
weeks.11 Other laboratories offer similar tiered testing of suspected non-syndromic 
SNHL patients.12 Next-generation technology promises parallel sequencing of 
approximately 60 genes associated with non-syndromic deafness for $1000-2000 
with a turnaround time of less than 3 months.13

While parallel genetic testing and analysis for non-syndromic SNHL is still 
in the pipeline, physicians must choose the appropriate genetic test when faced 
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with a patient who presents early in life with hearing loss and no other symptoms 
based on physical exam and history. Medical diagnostic tests can greatly enhance 
the yield of genetic testing by providing appropriate direction in selecting a 
test. In the case of hearing loss, common diagnostic tests include CT scans of 
cochlear and vestibular structures, electrocardiogram, renal ultrasound, thyroid 
studies, and ophthalmological testing. In their review article Rao et al.14 presents 
detailed examples of each diagnostic test and how the results can guide genetic 
testing. For example, when a CT scan shows an enlarged vestibular aqueduct, the 
recommendation is to screen for the SLC26A4 gene, since this mutation has been 
found in nearly 40% of individuals with an enlarged vestibular aqueduct.15

Issues Related to Genetic Causes of HL in the Developing World
The task of identifying hearing loss due to genetic etiologies in developing 

nations has not been investigated in as much depth as in industrialized nations. 
Acquired or environmental factors and poor health care in general dramatically 
increase the overall prevalence of SNHL and, therefore, may reduce the relative 
portion of hearing loss due to genetic origins. Acquired or environmental causes of 
hearing loss are also clearer targets for intervention and management of a region’s 
hearing loss problem. Poor access to healthcare, unavailability of vaccines, 
cytomegalovirus, and otitis media may be some of the main culprits for increasing 
the prevalence of HL in these regions. Exposure to loud noises and unregulated 
use of ototoxic medications (e.g., gentamicin) may be major causes of SNHL in 
these regions as well. These factors guide many of the preventive strategies put 
forward by organizations such as the WHO to reduce HL.

Despite these many environmental factors contributing to HL in the 
developing world, there are still many who suffer from SNHL of presumed genetic 
origin. The genetic etiologies of these cases have not been elucidated as of yet. In 
fact, recent studies have found that the common GJB2 and GJB6 mutations found 
among populations of developed regions are markedly low or absent in many 
developing regions. A study of 86 non-syndromic SNHL patients in Jinotega, 
Nicaragua, revealed no one with pathogenic homozygous mutations of the GJB2 
gene.7 Similarly, in 120 unrelated Indonesian individuals with early childhood, 
profound non-syndromal sensorineural hearing loss, very few (<1%) pathologic 
GJB2 mutations were found.16 Continuing this trend, a study in Mongolia found 
connexin mutation rates of 4.5% among non-syndromic HL patients.17 Kabahuma 
et al.18 reviewed the literature on prevalence of connexin mutations among African 
populations and investigated the prevalence among sub-Saharan Africans in 
northern South Africa, finding no mutations or very low frequencies of the various 
connexin mutations common in populations of developed countries. These results 
point to the need for further investigation of the genetic etiologies of SNHL in 
these populations. These and other recent studies looking at carrier rates among 
various ethnic groups within a population suggest the value of considering 
ethnicity or race as a factor in the decision of which genetic test(s) to pursue.

The lack of common GJB2 mutations among populations of developing 
countries and the many variants in other populations speak to the heterogeneity 
of this locus. This finding begs the question as to why there is a GJB2 mutation 
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among some developed populations that accounts for up to 50% of non-syndromic 
HL. One suggestion by Nance et al.20 is that relaxed selection and assortative 
mating among the deaf population is responsible for the high prevalence of this 
single genetic cause of SNHL. The original heterozygous mutation may have 
conferred a selective advantage (founder effect) without causing HL (the recessive 
genotype). Also, the authors propose that introduction of sign language into the 
deaf population and establishment of residential schools, promoted mate selection 
based on mode of communication.19 Studies using computer simulation have also 
shown that these factors resulted in a doubling of the frequency of GJB2 deafness 
in the United States during the last 200 years. Furthermore, simulations agree that 
this type of mating will result in the amplification of the most common recessive 
gene for deafness. 21

While the established education and culture of those with non-syndromic 
SNHL may have contributed to the high rate of GJB2 deafness among those in 
developed nations, there may be other factors in some developing regions that are 
responsible for promoting the frequency of deafness of genetic origin. Similar to the 
effects of relaxed selection and assortative mating discussed earlier, consanguinity 
can exacerbate the frequency of genetic diseases, resulting in an increase in the 
frequency of autosomal recessive deafness. Consanguinity conventionally refers 
to persons related as first or second cousins or to relations within the extended 
family. Khabori et al22 found high rates of consanguinity (from 40-55%) reported 
among regions of Arab countries and investigated the frequency of family history 
of consanguinity among people with hearing loss in Oman. They found 70% of 
people with non-syndromic SNHL to have family history of consanguinity with 
double the rate of first cousin marriages within a deaf cohort as compared to the 
general population. Regarding the genetic origins of non-syndromic SNHL in 
these regions, two studies that estimated a family history of consanguinity to be 
approximately 50% found that only 0-10% of non-syndromic SNHL were related 
to connexin 26 mutations.18,23 These results emphasize that consanguinity is an 
important factor to consider when investigating the cause for non-syndromic 
deafness in specific populations and that it often amplifies genes other than the 
GJB2 genes.

Other genetic causes of hearing loss may be more prevalent in other countries 
and, in fact, many of the known genetic causes of hearing loss were discovered 
through an investigation of large families in remote areas of the world. An excellent 
example of this is the discovery of mutations that increase the susceptibility to 
aminoglycoside ototoxicity are located in that part of the mitochondrial DNA that 
codes for the 12S subunit of the ribosomal RNA. Mitochondrial DNA is always 
inherited from the mother. Thus far, the most commonly affected populations are 
in China and Spain and there are several possible mutations of this gene. The 
most common mutation in Caucasians and Hispanics is the A1555G mutation, but 
other mutations have been found in Chinese populations and there are probably 
many other mutations that have yet to be discovered.24,25 An important concept 
in understanding the role of mitochondrial mutations and hearing loss is that 
some patients with these mutations will eventually develop a progressive non-
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syndromic hearing loss independent of aminoglycoside exposure.26 Mutations of 
this gene have also been discovered in a small village in Zaire and in Northern 
Cameroon.27,28 Interestingly, in spite of the high prevalence of the 12SRNA gene 
in Spanish populations, no mutations of this mitochondrial gene were found 
in a study of 31aminoglycoside exposed children in Nicaragua.29 This finding 
underscores the importance of the genetic heritage and associated risk factors of 
a region. Although the language and culture of Nicaragua is Spanish, a relatively 
small percent of the population is of direct Spanish descent. In addition, patients 
in this population have a high exposure to aminoglycosides; thus, increasing 
their risk of hearing loss independent of a genetic susceptibility. The 12SRNA 
mitochondrial gene and the connexin genes have been found to be widely 
distributed in many populations around the world, but many hearing loss genes 
have thus far only been identified in relatively few families. This is most likely in 
part because genetic testing has not been performed in many of the families with 
hereditary hearing loss in developing countries. One example of this is the first 
deafness gene to be discovered with dominant inheritance, DFNA1 or Monge’s 
Deafness.30,31 This gene was first described in a large kindred in Costa Rica, but 
has not been reported in other families. We have recognized a common phenotype 
of dominant SNHL in Nicaragua that we believe may be due to the DFNA1 
gene. A study is currently underway to verify the underlying genetic cause of 
hearing loss in these Nicaraguan families. This underscores the need for targeted 
genetic testing in these areas of the world. We suspect that there are many other 
undiagnosed cases of genetic hearing loss in the developing world and that these 
cases include previously indentified genes that have not been well described as 
well as novel genetic causes of hearing loss.
Practical Considerations in Genetic Studies of SNHL in the Developing World

Genetic research in developing countries is fraught with difficulty. Research 
begins by identifying potential candidates for the genetic study. In developing 
countries identifying participants can be challenging because patient records are 
often not searchable and recruiting may be limited to print media. Hence, potential 
research subjects may need to be identified by word of mouth through local 
doctors or through individuals within communities. Research efforts generally 
begin with an affected individual (the proband) with a reported family history 
of hearing loss. Such recruiting methods often rely on self reported hearing loss 
for family members, which is notoriously inaccurate. Therefore, a family may be 
perceived to have a hereditary hearing loss, when in fact there may be only one 
individual with hearing loss. Even more commonly, individuals with congenital 
hearing loss may report that they have normal hearing. By necessity, genetic 
studies require the recruitment and examination of subjects that are unaffected. 
Both unaffected, normal relatives and family members that are unaware of their 
hearing loss may be reluctant to enroll in a research study. This is particularly true 
of men in a culture where men who go to doctors without a dire need may be less 
respected.

Once potential subjects have been identified and enrolled in the study careful 
attention should be placed on a culturally sensitive method for the disclosure of 
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family/personal information. Certain information important to genetic research, 
such as consanguinity, can be a very sensitive subject matter. Revealing family/ 
personal information in a culturally insensitive way could adversely affect family 
relationships or the employment of research subjects, and cause emotional distress. 
Likewise, the potential benefits of a research study in developing countries can 
be distorted because of cultural and economic factors. Potential subjects might be 
encouraged to participate in a study administered by a white or American doctor 
due to the perceived notion that American or white doctors are better doctors. 
Likewise, there may be an anticipated benefit of having the opportunity to see a 
doctor since there is often limited access to health care in developing countries. 
Educating individuals about a research study is challenging due to differences 
between researcher and subject in language and culture, education levels, and 
socioeconomic factors. This is especially true for a complex area like genetic 
research. The most logical solution to these challenges is to involve a local doctor 
or individual who helps to bridge the gaps between researcher and research 
subject and can provide long term continuity with the research subjects.

 Once potential candidates are enrolled into the genetic study, a detailed 
pedigree must be created. In developing countries there are cultural and social 
challenges that complicate this process. False reporting or lying about the 
relationships between family members may be common, especially in cases with 
consanguinity. Researchers should have an awareness of the problems of the 
region where the research takes place and develop long term relationships with 
the family. False reporting of hearing loss can be verified with an audiogram; 
however, audiological resources may be scarce and this process may delay the 
development of an accurate pedigree of affected and unaffected family members.

DNA samples will be acquired and genetic tests will be performed on 
research subjects once the pedigree has been used to identify key subjects 
(proband, other affected family members and key unaffected family members) for 
the study. A detailed analysis of genetic testing is beyond the scope of this chapter, 
but generally speaking affected individuals are first tested for likely candidate 
genes. An initial test is done for GJB2/GJB6 mutations in developed countries, 
but this approach may or may not be appropriate in developing countries. A 
group of potential candidate genes may be determined based on the inheritance 
pattern, audiometric pattern, and a detailed search for other phenotype (physical) 
characteristics. One potential challenge in developing countries may be the lack of 
radiographic imaging techniques to better define the phenotype. If available, such 
images could help to limit the number of potential candidate genes to be tested. 
If candidate gene testing does not indentify a cause of the hearing loss, linkage 
analysis should be performed. In short, this technique compares the genetic 
material of affected family members to that of unaffected family members. 

 In developing countries, acquiring and managing DNA samples may 
be challenging for several reasons. It is hard to find adequate equipment in 
developing countries to process DNA samples, therefore samples will generally 
have to be transported out of the country. DNA samples may be collected in a 
clinic or in the field (subject’s house, etc…). DNA can be extracted from saliva 
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samples (having the patient spit into a cup, such as the OraGene® system), 
a brushing of the mucosa of the cheek (cytobrush), or blood samples. Saliva 
and cytobrush samples are less invasive and adequate for testing for screening 
studies, but blood samples are best when multiple tests are anticipated. In general, 
DNA samples do not necessarily need to be refrigerated to remain stable, but 
centrifuging blood samples may improve stability and we try to process the 
samples as soon as practically possible. Blood samples may be more difficult to 
pass through customs, are more invasive to collect and may be more difficult to 
handle outside of a clinic setting. 
Conclusion

Understanding the genetic origins of hearing loss in developing countries is 
important since more than 80% of people worldwide with moderate to profound 
SNHL in both ears live in low and middle income countries. Even though the 
proportion of these people with hearing loss of genetic origin may be dwarfed by 
the number of environmental and acquired cases, the absolute number of SNHL 
cases is very large and there is evidence that genetic etiologies are major factors 
in many regions, especially in areas with high rates of consanguinity. The specific 
genetic causes appear to differ from developed countries, at least for the prevalence 
of GJB2 mutations. As the etiology of the SNHL cases in developing regions 
appears to be unique to these populations, we are unable to directly extrapolate 
our findings in developed countries to cases in these regions. It is possible that 
each region or community may have a unique cause of genetic hearing loss. We 
need to continue to investigate the possible genetic etiologies of SNHL in these 
regions and simultaneously identify methods of meeting the challenges to genetic 
testing in these countries. The genetic variability of congenital hearing loss in 
these environments is challenging, but also holds tremendous opportunity to better 
understand the diseases we treat. Research in this area may provide a broader 
understanding of the potential genetic causes of SNHL and of the physiology and 
pathophysiology of the ear.
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