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Subgroups of Enlarged Vestibular Aqueduct in Relation to SLC26A4
Mutations and Hearing Loss
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Objectives/Hypothesis: To investigate possible association of hearing loss and SLC2644 mutations with the subgroups
of enlarged vestibular aqueduct (EVA) morphology in Japanese subjects with hearing loss.

Study Design: Retrospective multicenter study.

Methods: Forty-seven subjects who had vestibular aqueduct with midpoint diameter >1 mm by computed tomography
of the temporal bone were enrolled at multiple sites across Japan, and DNA samples and clinical data were collected. EVA
morphology was classified into four subgroups by the pattern of enlargement: aperture, aperture and midpoint, midpoint,
and borderline enlargement. Venous blood DNA samples were subjected to polymerase chain reaction-based direct sequenc-
ing of all exons and exon-intron boundaries of the SLC26A44.

Results: Four novel SLC26A4 mutations were identified in the present study. SLC2644 mutations were detected in
almost all subjects with aperture, aperture and midpoint, and midpoint enlargement. In contrast, 71% of subjects with bor-
derline enlargement had no SLC26A4 mutation. No significant difference was found in the distribution of truncating and non-
truncating SLC26A4 mutations between the EVA subgroups. In addition, no significant correlation was observed between the

Level of Evidence: NA

EVA subgroups and hearing levels, incidence of hearing fluctuation, or progression of hearing loss.

Conclusions: Subgroups of EVA morphology were significantly correlated with the presence or absence of SLC26A4
mutation. In a subgroup analysis of subjects with SLC26A4 mutations, however, differences in the EVA subgroups were not
correlated with SLC26A4 genotypes or characteristics of hearing loss.
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INTRODUCTION
Enlarged vestibular aqueduct (EVA) is one of the
most common inner ear deformities, often identified by
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computed tomography (CT) in subjects with hearing
loss.'™® The shape and size of the EVA differ between
subjects. As such, a variety of radiographic criteria to
define EVA have been published. Valvassori and Clemis®
defined EVA as a vestibular aqueduct >1.5 mm at the
midpoint diameter. Jackler and De La Cruz’ developed a
criterion of a midpoint diameter >2.0 mm, whereas Lev-
enson and colleagues® proposed a cutoff of 2.0 mm at the
external aperture diameter. Okumura et al.® suggested
an external aperture diameter >4.0 mm. Madden et al.’
considered external aperture diameter >2.0 mm and
midpoint diameter >1.5 mm as definitive, and midpoint
diameter of 1.0 to 1.5 mm as borderline enlargement.
Vijayasekaran et al.!® advocated the criteria of 0.9 mm
midpoint diameter or 1.9 mm external aperture
diameter.

Mutations in the SLC26A4 have been identified as
a major cause of vestibular aqueduct anomalies.
SLC26A4 mutations are known to cause Pendred syn-
drome (Mendelian Inheritance in Man [MIM] #274600)
and nonsyndromic sensorineural deafness autosomal
recessive type 4 (DFNB4, MIM #600791).""'* Some
researchers have identified a correlation between
SLC26A4 mutations, EVA, and hearing loss, whereas
others report no significant relationship among
SLC26A4 genotype and these phenotypes.’® Previous
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Fig. 1. Typical temporal bone com-
puted tomographic images of the
enlarged vestibular aqueduct sub-
groups. (A) Aperture enlargement.
(B) Aperture and midpoint enlarge-
ment. (C) Midpoint enlargement. (D)
Borderline enlargement. The mid-
point and external aperture of the
vestibular aqueduct are indicated by
white and black arrows, respectively.
As shown in the inset of A, the mid-
point diameter (dotted line) and
aperture diameter (dashed line) were
measured perpendicular to the long
axis (solid line) of the vestibular
aqueduct.

studies have not evaluated the relationship between
SLC26A4 mutations and clinical features of hearing loss
taking into consideration morphologic variations of the
EVA. We conducted a multicenter study and differenti-
ated subjects into subgroups according to vestibular
aqueduct midpoint and external aperture diameters to
examine a possible relationship between subgroups of
EVA morphology, SLC26A4 mutations, and hearing loss.

MATERIALS AND METHODS

We enrolled 47 bilateral EVA subjects with unilateral or
bilateral sensorineural hearing loss of unknown causes (mean
age = 13.5 years, range = 0-56 years; 33 children and 14 adults;
17 males and 30 females), and collected DNA samples and clini-
cal data. Specifically, subjects whose bilateral vestibular aque-
duct midpoint diameter was >1 mm on temporal bone CT scans
were included. The midpoint and external aperture diameters
were measured perpendicular to the long axis of the vestibular
aqueduct on the transverse plane, as shown in the upper right-
hand inset in Figure 1A. Subjects were classified into the fol-
lowing four subgroups based on the morphologic characteristics
of the vestibular aqueduct according to the criteria in Table I:

aperture enlargement, aperture and midpoint enlargement,
midpoint enlargement, and borderline enlargement.

For mutation analysis, genomic DNA was extracted from
venous blood and subjected to polymerase chain reaction-based
direct sequencing of the exons and exon—intron boundaries of
the SLC26A4 (GenBank NG_008489). For the purpose of this
study, frameshift, splice site, and nonsense mutations were
categorized as “truncating,” and missense mutations as
“nontruncating” mutations. Novel variants were defined as
pathogenic if they 1) were nonsynonymous; 2) demonstrated low
carrier rates (<1%) in 96 normal control Japanese subjects,
absence in database Exome Variant Server'® and dbSNP,'” and
high amino acid conservation among various mammalian spe-
cies; and 3) were detected as heterozygous in association with
the other allele with another heterozygous mutation already
reported as pathogenic. Alteration of splice site was predicted
by NNSPLICE.® Subjects with SLC26A4 mutations were ana-
lyzed for degree of hearing loss, fluctuations in hearing acuity,
and progression of hearing loss to assess the relationship
between these hearing parameters and EVA subgroups. Sub-
jects underwent conditioned orientation reflex or conventional
pure-tone audiometry, depending on their ages. Auditory
steady-state response measurements were utilized for five sub-
jects who did not receive any of these audiometric tests.

TABLE I.
Criteria for the Subgroups of Enlarged Vestibular Aqueduct.

Enlarged Vestibular Aqueduct Subgroup

Midpoint Diameter

External Aperture Diameter

Aperture enlargement >1.5 mm Wider than midpoint
Aperture and midpoint enlargement >1.5 mm Equal to midpoint
Midpoint enlargement >1.5 mm Narrower than midpoint

Borderline enlargement

1.0 mm to <1.5mm

1.0 mm to <1.5 mm
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Fig. 2. Number of subjects with or without SLC26A4 mutation
alleles in each enlarged vestibular aqueduct subgroup. *Significant
difference (P <.0125).

Hearing level was evaluated based on averages at 500, 1,000,
2,000, and 4,000 Hz (slight, 26-40 dB; moderate, 41-60 dB;
severe, 61-80 dB; profound, >81 dB) according to the World
Health Organization Grades of Hearing Impairment.'® Subjects
were considered to have fluctuating hearing loss if they had at
least one bout of aggravation of hearing loss and recovery (at
least 15 dB in one frequency). Subjects were considered to have
progressive hearing loss if they showed aggravation of hearing
loss by 10 dB or more at one or more frequencies within a 10-
year interval. Statistical significance was assessed using the
Fisher exact test.

All procedures were approved by the Ethics Review Com-
mittee of National Hospital Organization Tokyo Medical Center,
Japan and other participating institutions, and were conducted
only after written informed consent had been obtained from
each subject or from the parents of the subjects.

RESULTS

Subgrouping of EVA and Its Association With
SLC26A4 Mutations

Figure 1 shows typical CT findings in subjects with
aperture enlargement (Fig. 1A), aperture and midpoint
enlargement (Fig. 1B), midpoint enlargement (Fig. 1C),
and borderline enlargement (Fig. 1D). Among 47 sub-
jects, 21 (44%) were classified with aperture enlarge-
ment, 17 (36%) with borderline enlargement, five (11%)
with aperture and midpoint enlargement, and four (9%)
with midpoint enlargement (Fig. 2). All subjects had the
same subgroup of enlargement bilaterally.

Genetic analysis of the 47 subjects showed that 34
(72%) had two SLC26A4 mutation alleles (Table II), and
the other 13 (28%) had no SLC26A4 mutation alleles.
None had a single SLC26A4 mutation allele. The 34 sub-
jects with two SLC26A4 mutation alleles were diagnosed
with Pendred syndrome or DFNB4. The majority of
these subjects had aperture enlargement (n =20, 59%),
followed by aperture and midpoint enlargement (n =25,
14%), borderline enlargement (n =5, 14%), and midpoint
enlargement (n =4, 12%; Fig. 2). Conversely, most of the
subjects without SLC26A4 mutation alleles had border-
line enlargement (n = 12, 91%), whereas the one remain-
ing subject (8%) had aperture enlargement. The
frequency of subjects without SLC26A4 mutation alleles
in the borderline enlargement subgroup was signifi-
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cantly higher than in the aperture enlargement and
aperture and midpoint enlargement subgroups
(P <.0125). It tended to be higher than in the midpoint
enlargement subgroup, but this difference was not stat-
istically significant (P =.021), probably due to the small
number of subjects in the midpoint enlargement sub-
group (n =4).

SLC26A4 Mutations and Genotypes in
Association With EVA Morphology in Subjects
With Pendred Syndrome or DFNB4

The types and locations of all the SLC26A4 muta-
tions in 34 subjects with Pendred syndrome or DFNB4
are shown in Table II and Figure 3. Five splice site
mutations (c.601-1G>A [intron 5], ¢.919-2A>G [intron
7], ¢.1614+1G>A [intron 14], ¢.1708-32_1708-16del
[intron 15], ¢.1707+5G>A [intron 15]), one nonsense
mutation (p.L743X), two insertion/deletion mutations
(p.S551Ffs13, p.Q705Wfs18), and 14 missense mutations
(p.S28G, p.P76S, p.A372V, p.N392Y, p.R409H, p.T410M,
p-T527P, p.I529S, p.Y556C, p.V659L, p.D66GIE, p.F692L,
p.-T721M, p.H723R) were detected. These included four
novel mutations, p.S28G  (c.82A>G), p.D669E
(c.2007C>A), p.F692L (¢.2074T>C), and ¢.1708-32_1708-
16del (marked with ** in Table II), based on the criteria
for novel mutations in the present study (described in
Materials and Methods). Electropherograms of the novel
mutations and conservation of the amino acid residues
among various species are shown in Figure 3B and C.
NNSPLICE predicted ¢.1708-32_1708-16del to decrease
the probability of an acceptor site at exon 16 from 0.49
(for a normal allele) to 0.19 (for a mutation allele), which
is likely to cause aberrant splicing (Fig. 3C).

The list of subjects with two SLC26A4 mutation
alleles is shown in Table II. Analysis of genotypes of
SLC26A4 mutation alleles in these subjects showed that
20 (59%) had nontruncating/nontruncating genotypes, 13
(38%) had nontruncating/truncating genotypes, and 1
(83%) had truncating/truncating genotypes (Fig. 4A).
Comparison of the incidence of each genotype found no
significant statistical difference between the subgroups
of EVA morphology (P = 1.000).

Characteristics of Hearing Loss in Association
With EVA Morphology in Subjects With Pendred
Syndrome or DFNB4

The hearing levels, incidence of hearing fluctuation,
and progression of hearing loss in subjects with two
SLC26A4 mutation alleles are shown in Table II. The
relation between the hearing level and EVA morphology
was examined in the ears of 34 subjects (68 ears; Fig.
4B). Thirty-four ears (50%) had profound hearing loss in
total. No significant differences in the hearing levels
were detected between the subgroups of EVA morphol-
ogy (P =.462). To exclude the effect of aging in this anal-
ysis, we also stratified the subjects into two groups (age
0-9 and >10 years) and conducted the same analysis.
These analyses also demonstrated the same results, indi-
cating that the difference in ages among subgroups did
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biallelic mutations of SLC26A4 are more strongly associ-
ated with bilateral EVA.

Our analysis of subjects with SLC26A4 mutations
revealed no significant difference in the proportion of
truncating and nontruncating SLC26A4 mutations
between subgroups of EVA morphology. This suggests
that, in addition to malfunction of the SLC26A4 protein,
environmental factors or genes other than SLC26A4
may contribute to variations in vestibular aqueduct
morphology.

Some researchers argue that there is no significant
relationship between the degree of the EVA and the
severity and progression of hearing loss and hearing
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fluctuations, whereas others propose that there is a sig-
nificant relationship.?® In the present study, no signifi-
cant differences were detected in the level, fluctuation,
and progression of hearing loss between the subgroups
of EVA morphology, indicating that characteristics of
hearing loss cannot be predicted based on the EVA mor-
phology in subjects with Pendred syndrome or DFNB4.

CONCLUSION

Almost all the subjects with aperture, aperture and
midpoint, and midpoint enlargement of EVA had two
SLC26A4 mutation alleles, whereas more than two thirds
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