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Purpose: To evaluate genotype-phenotype correlation over time for a
cohort of children with connexin-26 (GJB2)–associated autosomal re-
cessive hearing loss. Methods: Fifty-two children were identified from
a database of individuals with homozygous or compound heterozygous
mutations in GJB2 and subjected to chart review of their otolaryngo-
logic and serial audiometric evaluations. Genotype-phenotype correla-
tions were identified among the members of this group by appropriate
statistical analyses. Results: Hearing loss was most severe in individ-
uals with two truncating mutations in GJB2 and mildest in those with
two nontruncating mutations. Progressive hearing loss was seen directly
by serial audiometry in 24% of all subjects, and suggested in a total of
28% when those with normal newborn hearing screens and subsequent
hearing loss were included. Progression was particularly common
among carriers of the p.V37I allele either in homozygosity or in com-
pound heterozygosity with a truncating allele; these children are pri-
marily of Asian descent and demonstrate mild, slowly progressive
hearing loss. Conclusions: Phenotype in GJB2-associated hearing loss
is correlated with genotype, with truncating mutations giving rise to
more severe hearing loss. Progression of hearing loss is not uncommon,
especially in association with the p.V37I allele. These results suggest
that close audiometric follow-up is warranted for patients with GJB2-
associated recessive hearing loss. Genet Med 2010:12(3):174–181.
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Hearing loss is the most common congenital sensory deficit,
affecting up to 1 in 300 newborns.1,2 A wide variety of

environmental and genetic causes underlie congenital hearing
loss, with familial deafness seen in both syndromic and non-
syndromic forms. Among �100 known forms of nonsyndromic
deafness with identified genetic loci, by far the most common
and best characterized is the one associated with GJB2 (MIM
*121011), the gene encoding the connexin 26 protein.3,4 This
gap junction protein, which assembles to form channels be-
tween cells, is thought to play a crucial role in K� homeostasis
and intercellular signaling within the organ of Corti.5 Almost
100 unique mutations in the GJB2 gene, which is located on
Chromosome 13 of the human genome, are associated with
recessive deafness. An additional 17 show a dominant inheri-
tance pattern6 and often manifest as syndromic deafness, such

as that seen in the keratitis-ichthyosis-deafness syndrome.7 The
majority of GJB2-associated deafness, however, is nonsyn-
dromic and exhibits an autosomal recessive inheritance pattern.

The best characterized of all GJB2 mutations is c.35delG,
with a carrier rate of 2% to 4% in white individuals.8,9 Those
who are homozygous for this mutation, which causes the pre-
mature truncation and effective absence of the connexin 26
protein, are typically affected with nonprogressive, severe-to-
profound bilateral sensorineural hearing loss (SNHL) from
birth. Because of its overwhelming abundance among Western
people and its early description, the phenotype associated with
the c.35delG mutation has served as the paradigm for GJB2-
associated SNHL and guided its clinical management. In recent
years, however, there has been increased recognition of the
diversity of phenotypes associated with the various GJB2 ge-
notypes. In particular, distinctions have been made between
GJB2 mutant alleles based on their functional effect; that is,
whether they constitute nonsense or missense mutations.
Changes of the former type are truncating (T) mutations arising
from the creation of a premature stop codon and result in the
absence of any functional connexin 26 protein. Nontruncating
(NT) mutations result in altered proteins whose functions may
or may not be impaired.10 Comparison of �2000 patients in two
large series showed significant differences in hearing thresholds
between genotypes consisting of two truncating mutations (T/
T), which were most severely impaired, those with two non-
truncating mutations (NT/NT), which were least affected, and
those with one of each (NT/T), which had an intermediate
phenotype.10,11 In addition to this wide range of hearing impair-
ment, there have been some reports of progressive hearing loss
among patients with GJB2 mutations, despite the common
notion that it is a nonprogressive condition.11,12

In this study, we present our experience with GJB2-associ-
ated hearing loss during 5 years at Lucille Packard Children’s
Hospital. Our pediatric patient population encompasses a wide
range of ethnic backgrounds and thus a variety of GJB2 geno-
types, as identified by DNA sequencing of the GJB2 gene.
Complete otolaryngologic and audiometric analyses have per-
mitted the evaluation of 52 individuals with biallelic mutations
in GJB2. Our data confirm the genotype-phenotype correlations
noted previously and provide additional evidence for progres-
sive hearing loss, especially among those harboring the p.V37I
allele. The diversity of phenotypes and propensity for progres-
sion observed in these patients advocate the close observation of
all affected individuals and also highlight the clinical utility of
obtaining genetic testing to help counsel parents and to inform
long-term audiologic follow-up.

METHODS

Study population
Subjects were selected initially by compiling all homozygous

and compound heterozygous GJB2 mutations identified by
comprehensive sequencing of GJB2 Exon 2 performed by the
Molecular Pathology Laboratory at Stanford University Medi-
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cal Center during a 5-year period (2004–2009). Of these indi-
viduals, those with electronic medical records available docu-
menting visits to the Audiology and Pediatric Otolaryngology
clinics at Lucile Packard Children’s Hospital were selected for
analysis. From these records, we obtained demographic infor-
mation, including ethnicity as determined by patient report, as
well as all of the audiometric and clinical data presented in this
study. For most analyses, including all audiograms and GJB2
sequencing results, primary data were used exclusively; new-
born hearing screen (NHS) results were occasionally obtained
by parental report. This study was approved by the Institutional
Review Board of Stanford University.

Audiometric analysis
Unless otherwise specified, hearing thresholds from behav-

ioral audiograms are reported as averages of pure-tone thresh-
olds at 0.5, 1, 2, and 4 kHz in both ears (pure-tone average
[PTA0.5–4]), a common audiologic measure that assesses hear-
ing across speech frequencies. In cases where no responses were
elicited due to the severity of the hearing loss, thresholds were
approximated in the quantitative analysis as either the highest
sound level tested, if reported, or the highest sound level pro-
duced by the apparatus (110 dB). This approximation was
necessary for 14 patients with profound hearing loss and would
only serve to underestimate the PTA0.5–4. In few instances, only
auditory brainstem response (ABR) thresholds were available.
For these, average thresholds in response to tone pips at 0.5, 1,

2, and 4 kHz were used in place of the PTA0.5–4. Throughout
the study, only audiograms that had complete data for 0.5, 1, 2,
and 4 kHz were included. Severity of hearing impairment was
determined based on the PTA0.5–4 as follows: 21 dB to 40 dB
was defined as “mild,” 41dB to 70 dB as “moderate,” 71 dB to
95 dB as “severe,” and �95 dB as “profound.”10

For serial audiometric analysis of progressive hearing loss,
the averages of pure-tone thresholds at 0.5, 1, 2, 4, and 8 kHz
(PTA0.5–8) from the earliest and most recent behavioral audio-
grams were compared. The 8-kHz pure-tone threshold was
included in this analysis to increase the sensitivity of detection
of progression at high frequencies. A few patients did not have
data at the 8 kHz point; for these, complete datasets for
PTA0.5–4 were used for longitudinal comparison. Comparisons
for progression purposes were only made between audiograms
with matching datasets.

The majority of patients received continuous audiologic care
at a single facility. The test-retest variability in the PTA0.5–8

between audiograms was calculated for our study population as
the standard deviation of successive intrasubject PTA0.5–8

thresholds for all nonprogressors. We chose to define progres-
sion as twice the test-retest variability in the PTA0.5–8 thresh-
olds. By the central limit theorem, 95% of patients would be
expected to lie within this range; those outside it were thus
identified as significant outliers with progressive hearing
loss. Rather than an arbitrary cutoff threshold shift, as has
been used previously, this definition accounts specifically for
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Fig. 1. Patient demographics. A, Flowchart of patient inclusion. Fifty-two patients had autosomal recessive disease-
causing mutations in GJB2; of these, 33 had serial audiometric data. B, Demographics. Comorbidities identified:
keratitis-ichthyosis-deafness syndrome, cleft lip/palate, and renal disease. Computed tomography (CT) abnormalities:
enlarged vestibular aqueduct and asymmetry of the internal auditory canal.
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our dataset and reliability of our audiometric testing. Those
identified as progressors did, however, meet other previously
reported thresholds for progression, including an absolute
increase of 5 dB13 or of 1 dB/year.14 When possible, ABR
and behavioral thresholds were only compared with like tests.
For several patients, earlier ABRs were compared with later
behavioral audiograms. Because ABRs tend to be biased toward
higher thresholds, this comparison would only underestimate
the degree of progression; however, none of the patients for
whom the analysis compared ABR with behavioral thresholds
were found to have progressive hearing loss.

Statistical analyses
Data are presented as means and 95% confidence intervals

(CI). For analyses of nonparametric numeric values compared
between two groups, the Mann-Whitney U rank-sum test was
used; for comparison of more than two groups, the Kruskal-
Wallis test was used; results are reported with both H values and
the appropriate P value from the �2 test. For categorical data,
the Fisher exact test was used.

RESULTS

Demographics
During a 4-year period, we identified 73 children across a

wide range of ethnic backgrounds with a mean age of 5.3 years
at the time of genetic diagnosis (Fig. 1). All patients harbored
either homozygous or compound heterozygous mutations in
GJB2 except for three: one subject had one mutation each in
GJB2 and GJB6, a combination known to cause hearing
loss15,16; a second had one known pathologic mutation (p.V37I)
along with a pair of polymorphisms in cis (p.V27I and
p.E114G), which together are thought to act as a pathologic
variant17; and a third was identified with a single autosomal
dominant mutation associated with keratitis-ichthyosis-deafness
syndrome (p.D50N).18 Of these 73, 18 were excluded from
further analysis because the sequence changes identified
(p.V27I, p.V153I, p.E114G, and p.I203T) are generally consid-
ered to be benign polymorphisms,6 and the autosomal dominant
individual was excluded, as the associated phenotype is distinct
from that typical for the autosomal recessive GJB2 mutations.7

Two patients had no audiologic evaluation available, leaving a
total of 52 children with GJB2 mutations known to be associ-
ated with SNHL. These 52 children included four sibling pairs:
two pairs of c.35delG homozygotes and one pair each of
p.V37I/p.V37I and p.V37I/c.35delG. Because of the significant
intrafamilial variability of connexin-26 –associated hearing
loss19 and the even distribution of the siblings across geno-
type classes, we opted to include all siblings in our analysis.
Forty patients had documented computed tomography and/or
magnetic resonance imaging, with only one abnormality not-
ed—an enlarged vestibular aqueduct. This individual had
symmetric hearing loss that was not thought to be due to the
unilateral anatomic anomaly. Two other children had asso-
ciated congenital abnormalities—isolated cleft lip and cleft
palate in both cases. The ethnic makeup of the study group
reflects the diversity of the general population of the San Francisco
bay area—30% white, 45% Asian, and 23% Latino. Thirty-three of
the 52 children had serial audiograms �4 months apart and were
analyzed for progression of hearing loss.

Alleles and genotypes
The 52 patients represent a total of 24 alleles segregated into

21 genotypes (Fig. 2). Of the 24 alleles, 11 cause premature

truncations (T) of the GJB2 gene product and 12 are nontrun-
cating (NT) missense mutations. The final allele, del(GJB6-
D13S1830), a large deletion in the adjacent GJB6 gene at the
DFNB1 locus, was classified as a truncating mutation, as was
done previously.10 The ethnic distribution of alleles conforms to
previously described patterns, with c.35delG found predomi-
nantly in whites and p.V37I common among Asians. The ge-
notypes comprise 5 with 2 truncating alleles (T/T; N � 14), 4
with 2 nontruncating mutations (NT/NT; N � 21), and 12 with
1 of each (NT/T; N � 17). These three subgroups, which have
been shown previously to be phenotypically distinct,10 were
designated for further analysis.

Audiometric characteristics
The audiometric characteristics of these three groups are

summarized in Figure 3. T/T individuals had the most severe
hearing impairment, with a mean PTA0.5–4 threshold of 100.3
dB (95% CI: 92.4–108.2 dB). This was significantly different
from both the NT/NT cohort, which had only mild hearing loss
(26.5 dB; 95% CI: 22.7–30.4 dB), and the intermediate NT/T
population (53.9 dB; 95% CI: 38.8–68.9 dB; H � 31.23; P �
0.001). Comparison of speech reception threshold (SRT)
yielded similar results (T/T: 80.4, 95% CI: 70.1–90.7 dB; NT/T:
42.7 dB, 95% CI: 30.6–54.9 dB; NT/NT: 17.5 dB, 95% CI:
14.65–20.35 dB; H � 22.5; P � 0.001). Among the specific
genotypes, individuals homozygous for c.35delG had consis-
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tently severe-to-profound hearing loss (N � 9; 104.3 dB; 95%
CI: 99.4–109.2 dB), whereas those homozygous for p.V37I
were relatively mildly impaired (N � 18; 26.3 dB; and 95% CI:
22.0–30.6 dB). There was a marked ethnicity-associated differ-
ence in GJB2-associated hearing loss, with whites (83.3 dB;
95% CI: 65.3–101.3 dB) and Latinos (82.2 dB; 95% CI: 66.8–
99.7 dB) being much more severely affected than Asians (26.5
dB; 95% CI: 23.1–30.0 dB). These differences are not indepen-
dent of genotype, but rather are due to ethnicity-associated
differences in allele frequency, specifically the preponderance
of the mild p.V37I allele among Asians and the high frequency
of the severe c.35delG allele among whites.

The treatments pursued in these patients conformed to the
degree of hearing loss and, thus, to genotype, even though there
was no independent association of treatment with genotype.
Patients in the most severely affected cohort, T/T, have all
either undergone cochlear implantation (8 of 14; 57%) or re-
ceived hearing aids (6 of 14; 43%). Even with their modest PTA
threshold elevations, the majority of individuals in the NT/NT
group required hearing aids (14 of 21; 67%), with only 33% (7
of 21) avoiding intervention entirely. The NT/T group was
again intermediate, with 59% (10 of 17) using hearing aids,
17% (3 of 17) undergoing cochlear implantation, and 24% (4 of
17) not treated, reflecting the heterogeneity of this population.

Progression of hearing loss
The acquisition of serial audiometric data permitted the lon-

gitudinal analysis of hearing thresholds in 33 patients with an
average interval of 21 months (range: 4–89 months; Fig. 4).
Taken as a single group, there was no significant progression,

with an average change in PTA0.5–8 threshold of 1.9 dB (95%
CI: �0.1–3.9 dB) over the tested interval. When individual
subjects were analyzed, however, there were eight children
(24% of all subjects) with clear evidence of progression on
serial audiometric analysis. All of these children had threshold
shifts greater than twice the test-retest reliability of �2.6 dB
calculated directly from our audiologic data. All children had
continuous audiologic care at a single facility, except one. This
child had consistent progression noted at three facilities over 6
years. None of the eight progressors were related, and no
abnormalities on computed tomography were noted among
them. There was no significant difference in age at first audio-
gram, age of genetic diagnosis, or length of follow-up between
the progression and nonprogression groups (Table 1).

The progressors included five individuals who were homozy-
gous for p.V37I, with two nontruncating (NT/NT) mutations;
one homozygous for c.35delG, a member of the T/T group; and
two with one nontruncating and one truncating mutation:
c.35delG/p.V37I and c.299_300delAT/p.V37I. This cohort of
individuals with progressive hearing loss, who were followed
up for an average of 29 months (range: 5–62 months), had a
mean increase in PTA0.5–8 of 9.0 dB (95% CI: 6.8–11.1 dB).
By comparison, the remaining patients exhibited no change in
PTA0.5–8 threshold (�0.8 dB; 95% CI: �2.2–0.7 dB); these
values are significantly different (P � 0.0001, Mann-Whitney U
test). SRT changes were similar; the group of eight progressors
had, on an average, 6.1 dB worsening in SRT (95% CI: 2.0–
10.3 dB), compared with �0.4 dB (95% CI: �2.9–2.2 dB) for
the nonprogressing group (P � 0.05, Mann-Whitney U test).
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loss by genotype.
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Although there was no significant difference in the overall
PTA0.5–8 changes among the three main study groups, progres-
sion was more common among patients in whom the only
nontruncated connexin 26 protein present harbors the p.V37I
mutation; that is, those with either the p.V37I/p.V37I homozy-
gous genotype or one with p.V37I together with a truncating
allele (Fig. 4A). Of this group of 18 individuals, seven (39%)
had progressive hearing loss, a significantly greater proportion
than those with all other genotypes (1 of 15, 7%; P � 0.05).
These seven individuals had a uniform phenotype; they all have
mild hearing loss (37.5 dB; 95% CI: 30.7–44.4 dB) and a small
but significant amount of progression (8.7 dB; 95% CI: 6.3–11.0
dB; Fig. 5). Five of the seven (72%) required hearing amplifi-
cation. Compilation of their audiograms shows a consistent
down-sloping sensorineural loss (Fig. 4B) with modest but
consistent worsening across all frequencies.

Newborn hearing screening
Although the majority of patients were not referred to our

practice immediately after birth, NHS information was available
for 65% of individuals (34 of 52). Surprisingly, 50% of these
(17 of 34) reported at least a unilateral pass on NHS; 11 of these
reported bilateral passed screens. NT/NT individuals were

more likely to have passed their NHS, which is not surprising
given their eventual mild loss; however, several NT/T and
T/T subjects had reportedly normal NHS results and subse-
quent severe-to-profound loss, suggesting a significant wors-
ening of hearing (Fig. 4C). When individuals with a pass on
NHS (suggesting hearing threshold �35 dB) and resulting
hearing loss �40 dB PTA0.5– 4 are included together with
those with documented progression on serial audiometry,
28% (13 of 46) of all subjects with either serial audiograms
or NHS results had findings suggestive of progressive hear-
ing loss (Fig. 4D). This is consistent with our finding of 24%
progression from serial audiometry alone.

DISCUSSION

Our examination of children with GJB2-associated hearing
loss demonstrates the wide variety of phenotypes expressed in
these individuals. Despite the relatively small number of chil-
dren examined, the ethnic diversity of our patient population
and availability of both audiometric and otolaryngologic
records permitted the analysis of a variety of different geno-
types with thorough phenotypic characterization. Consistent
with previous large studies,10,11 individuals with genotypes con-
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sisting of two truncating mutations (T/T) had significantly more
severe hearing loss than those with two nontruncating mutations
(NT/NT), with NT/T genotypes expressing an intermediate phe-
notype. This is not surprising, given that a T/T genotype would
be expected to yield no protein at all, whereas NT/NT individ-
uals may express some poorly functional but possibly structur-
ally intact gene product.

Nontruncating mutations present a diagnostic dilemma—
how does one distinguish between a pathogenic nontruncating
mutation and a benign polymorphism? Both have been de-
scribed in the context of GJB2; although some variants, such as
p.L90P, are universally acknowledged to be pathogenic, others,
including p.V27I, are considered physiologic variants.6 When a
sequence variant is first discovered, however, often in com-
pound heterozygous combination with a known disease-causing
allele such as c.35delG, it is not entirely certain whether the
variant is truly the cause of hearing loss in that individual. More
concrete attributions are based on epidemiologic studies com-
paring allele frequency in normal and affected populations,12 as
well as on family studies, evolutionary conservation across
different species, and in vitro functional studies of recombinant
mutant proteins.20 However, such thorough evaluations have
only been conducted on a handful of the mutations reported in
the literature thus far. An in vitro study of connexin 26 con-
ductance20 showed that many connexin 26 proteins with mis-
sense mutations are completely nonfunctional. However, one
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Fig. 5. Initial and final audiograms of eight subjects with progressive hearing loss, averaged over both ears. Gray and
black lines indicate initial and final audiograms, respectively. Genotype and follow-up interval are indicated in each graph.

Table 1 Demographics of progressors and
nonprogressors

Progressors Nonprogressors

N 25 8

Age, initial audiogram (yr) 5.1 � 4.4 5.1 � 4.1

Age, genetic diagnosis (yr) 5.8 � 4.1 5.4 � 4.6

Audiologic follow-up (mo) 20.9 � 19.2 28.7 � 21

Comorbidities 0 1

CT abnormalities 1 0

Ethnicity

White 8 1

Asian 11 5

Latino 6 1

African American 0 1

PTA0.5–8 threshold
elevation (dB)

�0.8 (�2.2 to 0.7) 9.0 (6.8 to 11.1)

PTA0.5–8 threshold
elevation (dB/yr)

�0.5 (�1.3 to 0.4) 3.8 (2.9 to 4.6)

SRT elevation (dB) �0.4 (�2.9 to 2.2) 6.1 (2.0 to 10.3)

Values are presented as means � standard deviations (for age and follow-up
times), or means and 95% confidence intervals (for audiometric data).
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missense mutation, p.V84L, known to cause hearing loss in
vivo, had normal function in vitro.20 Thus, even these in vitro
studies may yield results that seem to conflict with in vivo
clinical phenotypes.

Two common sequence changes in the Asian population,
p.V27I and p.V37I, respectively yield functional and nonfunc-
tional protein in vitro, in agreement with their clinical behav-
ior.6 Both of these were detected frequently among our Asian
patients, although individuals with p.V27I, a benign polymor-
phism, were not included in the study. p.V37I, despite its
complete lack of function in vitro, was associated with only
mild hearing loss when present in homozygosity or compound
heterozygous combination with a truncating allele in this study.
Overall, p.V37I and other nontruncating alleles accounted for
90% of the alleles identified among Asian children in our study;
as a result, Asians overall had a relatively benign phenotype. In
contrast, c.35delG and other truncating alleles accounted for
75% of the alleles identified among white and Latino children,
who as a result were more hearing impaired as a group.

In particular, the p.V37I mutation illustrates the ethnic di-
chotomy in the literature and the diagnostic dilemma associated
with mild phenotypes. Initially discovered in a Western study as
a benign polymorphism,21 it was subsequently described instead
as a pathogenic mutation.22 Studies from Asia have shown that
it is carried in a significant fraction of certain East Asian
populations, with allele frequencies up to 8.5% among Thai
individuals23 and 11.6% in Taiwanese,24 suggesting once again
that it may be benign. More in-depth analysis, however, includ-
ing the in vitro functional experiments described above, has
demonstrated that the p.V37I mutant protein is nonfunctional.25

Likewise, epidemiologic evaluation showed that the allele is
indeed overrepresented among deaf individuals, indicating that
it is most likely a pathogenic allele with variable pen-
etrance.12,26 In particular, one study found that in patients with
the p.V37I mutation, severity of hearing loss was correlated
with the time elapsed since initial diagnosis; this was interpreted
as indirect evidence for progressive hearing loss.12

From our direct serial audiometric data, we found that pro-
gressive hearing loss was common, with at least 24% of all
studied patients showing evidence of progression. The relatively
mild 9.0-dB threshold elevation likely underestimated the de-
gree of worsening, given the artifactual tendency for audiomet-
ric indices to improve with a child’s age owing simply to
improved test sensitivity with better cooperation. Furthermore,
the fraction of progressors was consistent at 28% on inclusion
of children who passed their NHS and subsequently developed
hearing loss. These findings are in rough agreement with pro-
gression rates of 17% and 22% reported previously.11,27

Progression was especially common among those in whom
the p.V37I protein was the only connexin 26 protein produced,
a population consisting of 11 children homozygous for p.V37I
and 7 who were compound heterozygous for p.V37I and a
second truncating allele. Thirty-nine percent of these children
showed an average of 8.7 dB progression, with the majority
requiring hearing amplification. Our evaluation was limited
somewhat by the interval between audiograms, which was vari-
able and insufficiently long to see large changes. Further fol-
low-up of these individuals is thus warranted so that interven-
tion is undertaken appropriately.

The high carrier frequency of p.V37I in Asian populations,
its mild phenotype, which is often missed on NHS, and the
tendency for progression mandate a high index of suspicion and
close monitoring for any Asian children presenting with hearing
loss. These features of p.V37I-associated hearing loss even suggest
that there may be a degree of unrecognized hearing impairment

among those Asian populations with high carrier frequency. Fi-
nally, despite the apparent complete lack of function of the p.V37I
mutant protein in vivo, these results suggest that the protein may be
in fact marginally functional but fails with time. As a gap junction
protein involved in cellular homeostasis, such long-term mild dys-
function could manifest as progressive hearing loss and even as a
predisposition to presbycusis.

Thus, our results and others suggest that there is considerable
phenotypic variability for GJB2-associated hearing loss. The
tendency toward slow but detectable progression in a significant
fraction of children, especially those associated with the p.V37I
allele, indicates the need for close audiometric follow-up in
these individuals, with early intervention should it be clinically
warranted. Further investigation will undoubtedly uncover more
trends that will be helpful in the management of this complex
clinical entity.
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