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Abstract: Many SLC26A4 mutations have been identified in patients

with nonsyndromic enlarged vestibular aqueduct (EVA). However, the

roles of SLC26A4 genotypes and phenotypes in hereditary deafness

remain unexplained.

This study aims to perform a meta-analysis based on the PRISMA

statement to evaluate the diagnostic value of SLC26A4 mutant alleles and

their correlations with multiethnic hearing phenotypes in EVA patients.

The systematic literature search of the PubMed, Wiley Online

Library, EMBASE, Web of Science, and Science Direct databases

was conducted in English for articles published before July 15, 2015.

Two investigators independently reviewed retrieved literature and

evaluated eligibility. Discrepancy was resolved by discussion and a third

investigator. Quality of included studies was evaluated using Newcastle-

Ottawa Quality Assessment Scale. Data were synthesized using random-

effect or fixed-effect models. The effect sizes were estimated by measur-

ing odds ratios (ORs) with 95% confidence interval (CI).

Twenty-five eligible studies involved 2294 cases with EVA data. A

total of 272 SLC26A4 variations were found in deafness with EVA and 26

mutations of SCL26A4 had higher frequency. The overall OR was 646.71

(95% CI: 383.30–1091.15, P¼ 0.000). A total of 22 mutants were

considered statistically significant in all ethnicities (ORs >1,

P< 0.05). In particular, 8 mutants were specificity of EVA phenotypes

in mutations of SLC26A4 for Asia deafness populations (ORs >1,

P< 0.05), 4 mutants for Europe and North America (ORs >1,
S, Guang-Qian Xing, MD, and Xin Cao, PhD

phenotype, 11 mutants relevant risks (RRs) were P< 0.05, especially for

IVS7-2A>G bi-allelic mutants assayed in a deafness population

(RR¼ 0.880, P¼ 0.000). Diagnostic accuracy of SLC26A4 mutation

results also identified the significant association of IVS7-2A>G

(AUC¼ 0.99, 95% CI: 0.97–0.99) and p.H723R (AUC¼ 0.99, 95%

CI: 0.98–1.00) detecting deafness with EVA.

To conclude, the IVS7-2A>G and H723R in SLC26A4 present a

significant predicting value and discriminatory ability for clinical use on

diagnosis of EVA within a deafness population.

(Medicine 94(50):e2248)

Abbreviations: AUC = area under the SROC curve, CI =

confidence interval, DOR = diagnostic odds ratio, EVA =

enlarged vestibular aqueduct, NLR = negative likelihood ratio,

NSHL = nonsyndromic hearing loss, OR = odds ratio, ORR =

objective response rate, PLR = positive likelihood ratio, PS =

Pendred syndrome, RR = relevant risk, SEN = sensitivity, SHL =

syndromic hearing loss, SPE = specificity, SROC = summary

receiver operating characteristic curve.

INTRODUCTION

H earing loss is the most common sensory deficit in humans.
There have been reports revealing that severe prelingual

hearing loss or profound hearing loss is mainly due to recessive
inheritance, and mutations the GJB2 (DNFB1, OMIM: 121011)
and SLC26A4 (DFNB4, OMIM: 600791) genes are considered
to be the major contributors to recessive hereditary deafness.1,2

The SLC26A4 gene encodes an anion transporter called pen-
drin.3 Mutations in this gene are related to a prominent clinical
characteristic of the inner ear, which radiologically manifests as
enlarged vestibular aqueduct (EVA).4 EVA is most common in
nonsyndromic hearing loss (NSHL) or Pendred syndrome (PS)
with syndromic hearing loss (SHL). To date, more than 200
SLC26A4 mutations have been identified in patients with non-
syndromic EVA or PS (http://www.healthcare.uiowa.edu/labs/
pendredandbor), including missense, frame-shift, splice-site,
nonsense, and small-deletion mutations. Additionally, it is
interesting to note that in the EVA patients, only 28% of the
SLC26A4 mutants were detected in the French population, while
98.9% of the SLC26A4 mutants were found in the Chinese
population.5,6 The variable frequencies and genotypes of
SLC26A4 mutations differed in both the ethnic populations
and the phenotypes. Therefore, it can be speculated that there
is significant genetic heterogeneity in SLC26A4.

In the present study, we performed a comprehensive
meta-analysis in terms of odds ratios (ORs) and diagnostic
accuracy for mutations of SLC26A4 gene in hereditary
e used data from 24 articles from Asia,
erica, including 2294 cases and 3193
cohorts.5–28 The aim of the study is to
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determine whether these mutations are associated with EVA.
Here, we first conducted a meta-analysis on summary data
from global studies on SLC26A4 mutations in hearing loss
cases with EVA. Further subset analysis was also performed
for different genotypes of multiethnic backgrounds. The
EVA phenotype was also examined, and the objective
response rate (ORR) was used to assess the effect on the
association of the identified mutations with hearing loss. On
the other hand, we pooled the summary receive operating
characteristic curve (SROC) of the SLC26A4 mutations in
the prediction of deafness with EVA, and then calculated
the mutations accuracy of EVA in SHL and NSHL group. This
report demonstrated a high level of accuracy for the SLC26A4
mutation assay in the diagnosis of EVA. We found that 2
mutations are present at higher frequencies which are ethnically
different in the distribution of the SLC26A4 mutant alleles with
EVA. We also identified associations between the mutations
and deafness with EVA.

MATERIALS AND METHODS

Publication Search
A systematic literature search of the PubMed, Wiley

Online Library, EMBASE, Web of Science, and Science Direct
databases was conducted in English for articles published
before July, 2015. The following keywords and medical sub-
headings were used simultaneously in each set: (‘‘hearing loss’’
or ‘‘deafness’’ or ‘‘hearing impairment’’ or ‘‘epimorphosis’’)
and (‘‘SLC26A4’’) and (‘‘Pendred syndrome’’ or ‘‘enlarged
vestibular aqueduct’’ or ‘‘dilated vestibular aqueduct’’).
Alternative spellings were also considered. The authors were
contacted via e-mail to obtain the relevant articles and any data
needed for the meta-analysis. The literature search was per-
formed by 2 independent researchers.

Inclusion Criteria
Eligible studies included in our meta-analysis met the

following inclusion criteria: they were published in English;
they were case–control studies conducted in humans; they
studied sporadic deafness or probands in more than 2 deafness
families; they were clinical studies evaluating SLC26A4
mutations in order to allow for an estimation of the ORs within
a 95% confidence interval (CI) or to calculate the diagnostic
accuracy; they reported the true positives, false positives, false
negatives, and true negatives; they were not the duplicates or
continued work of previous publications; and they were not
review articles, abstracts, or editorial articles.

Data Extraction
The necessary data were extracted from the final eligible

articles as follows: the first author, the publication year, the
country of origin, the subject ethnicity, the number of cases and
controls, the type of study (group of sporadic or multifamily
study), the research methods, and the complete data for diag-
nostic meta-analysis (sensitivity [SEN] and specificity [SPE]).
A flowchart describing the identifying process of the qualifying
studies is presented in Figure 1. The methodological qualities of
the final eligible articles were assessed using the Quality
Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2)
score system. The QUADAS-2 tool is a combined index of the

Lu et al
patient selection, the index test, the reference standard and the
flow, and timing. It allows for the risk of bias and applicability
concerns to be assessed.29
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Quality Assessment
To ensure the quality of the meta-analysis, we designed and

followed the guidelines of Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA), Statement
issued in 2009 (Checklist S1). All selected articles were scored
and categorized according to the Newcastle-Ottawa Scale.30

Score 35 were considered to be of high quality (Table S1,
http://links.lww.com/MD/A555). Two authors (Y-JL and Q-JW)
reached consensus on each other to identify eligible studies and
solved disagreement by discussion. If no agreements could be
reached, other authors (JY, X-GQ, and XC) would check the
extracted studies again to determine their inclusion.

Statistical Analysis
We performed all statistical analyses using RevMan 5.1

(Cochrane Collaboration, Oxford, UK) and STATA 11.2
(STATA Corporation, College Station, TX). Both P values in
Chi-square test and Fisher test are all presented as 2-tailed, and
values <0.05 were considered statistically significant. To cal-
culate the ORs and 95% CIs, we estimate the association
between SLC26A4 mutations and deafness samples. Different
SLC26A4 mutations were distributed by multiethnic. The subset
analyses were performed on different Genotypes in Ethnic
Groups and CT Scans Tests. Furthermore, the SEN, SPE,
positive likelihood ratio (PLR), negative likelihood ratio
(NLR), true positive rate, the false positive rate, and diagnostic
odds ratio (DOR) of all included studies were used to plot the
SROC curves and area under the SROC curve (AUC) value were
calculated to assess the diagnostic accuracy.31 An AUC value
close to 1.0 signifies that the test has almost perfect discrimi-
nation, and an AUC value close to 0.5 suggests that it has poor
discrimination. A clinically useful test was defined to have a
PLR>5.0 and an NLR<0.2. DOR is a measure of the combined
SEN and SPE, which is calculated as PLR/NLR. The value of
DOR ranges from 0 to infinity, with higher values indicating
better discriminatory test performance.32 The interstudy hetero-
geneity was assessed with the x2 and I2 statistics. The fixed-
effects model (the Mantel–Haensel method) was used when
absence of heterogeneity across studies was identified (P> 0.05
and I2< 50%), unless P< 0.05 or I2> 50% the random-effects
model (DerSimonian and Laird method) was utilized.33 The
evidence of a publication bias was analyzed by the Begg funnel
plot and Egger test (P< 0.05 was considered a significant
publication bias).34 Finally, to determine whether using the
SLC26A4 mutation would result in a better prediction of patients
with the EVA phenotype, we ran the algorithms of the SLC26A4
mutation detection in 2 ways: we divided the samples into
groups without/with the EVA phenotype, and we then collected
the data randomly from cases from different sources to perform
the SLC26A4 mutation number between the ‘‘good’’ and ‘‘bad’’
samples. As a meta-analysis study, ethical approval of this work
is not required.

RESULTS

Included Studies
The flow diagram of the selected eligible studies is shown

in Figure 1. A total of 662 articles were identified from
databases and other sources. After screening, we included 25
case–control studies from 24 articles.5–28 Table S1, http://

Medicine � Volume 94, Number 50, December 2015
links.lww.com/MD/A555, shows the characteristics and quality
assessments of the eligible studies published between January,
1997 and July, 2015, with Newcastle-Ottawa Scale scores
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greater than or equal to 5. Among these, 24 papers included
were categorized as grade A. All case–control studies also met
the requirements of the Hardy–Weinberg equilibrium. There
were 2294 patients with hearing loss and 3193 controls avail-
able in the present meta-analysis, with the EVA data for the 25
studies were obtained from blood samples and genetic testing.
Of the studies, 272 SLC26A4 variations were found in deafness
with EVA (Table S2, http://links.lww.com/MD/A556). For
diagnostic accuracy, all 25 studies were included. Fifteen
eligible studies were available for the stratified diagnostic
analysis of genotype IVS7-2A>G and p.H723R, respectively.

Meta-Analysis of Overall Data
For the systematic review, we first wanted to determine the

relationships between the global data available on SLC26A4
mutations and deafness. Twenty-five studies were included for a
meta-analysis of ORs, no heterogeneity was found (I2¼ 0%,
P¼ 0.480); thus, a fixed effect model was applied to calculate
the ORs (646.71, 95% CI: 383.30–1091.15, P¼ 0.000) (Fig. 2).
A comprehensive analysis of SLC26A4 mutations was per-

FIGURE 1. Flowchart for inclusion and exclusion of studies in the m
Meta-Analysis [PRISMA] 2009 Flow Diagram).
formed on the EVA patients. Table 1 shows the pooled results
for mutations in the top of 10% mutation rate, the 24 ORs and
confidence values which can be calculated in the meta-analysis

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
combining all ethnicities (Table 1). All mutations showing
significant association with hearing loss with no or low sig-
nificant heterogeneity, except for p.V138F and p.L445W with
moderate heterogeneity (I2¼ 39.0% and 27.5%), Z test results
of 22 mutation showed statistically significant (ORs >1,
P< 0.05) in the overall population.

The Distribution of Different SLC26A4 Mutations
in the Multiethnic

This study, 26 kinds of mutations, at the top of 10%
mutation rate (Table S2, http://links.lww.com/MD/A556), in
SLC26A4 were gathered by 24 studies on the EVA patients
(Fig. 3). The results indicate that different ethnic groups have
different mutational hotspots. Compared to the different eth-
nics, IVS7-2A>G was present as the highest-frequency
mutation of SLC26A4 (62.42%). The frequencies of
p.H723R, p.V138F, p.Y530H, p.L445W, p.R409H, p.G209V,
p.T410M, p.A372V, p.T416P, p.L597S, p.A360V, and
IVS14þ 1G>A, were all above 5% and were, respectively,
26.11%, 9.76%, 9.08%, 8.91%, 7.25%, 7.03%, 6.60%, 6.41%,

-analysis (see Preferred Reporting Items for Systematic Reviews and
6.17%, 6.12%, 5.84%, and 5.64%. p.A372V, p.A360V,
p.N392Y, p.S448L, IVS15þ5G>A, p.V659L, p.L676Q, and
p.H723R were only found in Asia, while p.E29Q and
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FIGURE 2. Forest plots of the SLC26A4 mutation OR on deafness individuals with EVA using the fixed effects model. The bars indicate the
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IVS14þ 1G>A were only found in Europe. The IVS9þ 3A>G
and p.Q514K with high frequents, respectively, mentioned in
one study (Fig. 3).

Subset Analysis of Different Genotypes in Ethnic
Groups

As expected, we selected the subset of deafness with EVA
to the identified ORs of the SLC26A4 mutations on different
ethnics (Table 1). Of 26 mutations, 2 occur in only 1 study
cannot be calculated the ORs, the rest 15 occur in Asian
populations, 14 occur in European populations and 6 occur
in North American populations. Due to the higher prevalence of
deafness, the majority of genotype association studies for
SLC26A4 mutations have been performed in Asia. Therefore,
all 15 mutations ORs >1 and 14 of which were considered

95% CI of OR in patients versus controls. The areas of the squares ar
of the lozenge gives the combined OR. CI¼ confidence intervals,
statistically significant (P< 0.05) with no heterogeneity for
Asian population. In Europe, all the mutations calculated for
ORs >1, among which 4 mutations (p.V138F, p.L236P,

4 | www.md-journal.com
p.F335L, and p.R409H) with moderate heterogeneity
(I2¼ 54.2%, 68.6%, 56.1%, and 41.0%). And 4 mutations
(p.L236P, p.F335L, p.T416P, and p.L597S) ORs P value were
considered not statistically significant for less studies included
in the analysis. In North American populations, all 6 mutations
showing significant association with hearing loss with no
significant heterogeneity, except for p.T416P which P value
were considered not statistically significant (P> 0.05)
(Table 1).

Subset Analysis on CT Scans Tests
To address whether EVA phenotype affects an association

between genotype and mutant alleles, studies limited to cases
with EVA phenotype for RR calculation were assessed. When
x2 test and Fisher test are used to compare genotypes and mutant

oportional to the weights used for combining the data. The center
¼ enlarged vestibular aqueduct, OR¼odds ratio.
alleles of deaf individuals with EVA to those deaf individuals
known to not have EVA, 12 SLC26A4 variants are found to have
higher RR> 0.5 with a significant association (Table 2). Of

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.



TABLE 1. Variants Showing Significance for Hearing Loss

Variant Number Frequency Qp I2, % OR OR P value

Mutations in all populations
p.E29Q 154 0.047 0.337 11.20 11.846 (2.494–56.261) 0.002
p.V138F 185 0.098 0.161 39.00 23.949 (4.043–141.871) 0.000
p.G209V 219 0.070 0.904 0.00 14.454 (3.654–57.175) 0.000
p.L236P 197 0.039 0.336 11.40 11.058 (2.252–54.305) 0.003
IVS7-2A>G 1710 0.624 0.478 0.00 207.366 (116.278–369.807) 0.000
IVS8þ1G>A 391 0.045 0.92 0.00 13.707 (4.808–39.079) 0.000
p.F335L 243 0.037 0.68 0.00 8.518 (2.044–35.494) 0.003
p.A360V 1219 0.058 0.531 0.00 10.181 (2.182–47.493) 0.003
p.A372V 165 0.064 0.83 0.00 11.999 (2.036–70.704) 0.006
p.N392Y 1487 0.039 0.998 0.00 13.102 (3.876–44.280) 0.000
p.R409H 1525 0.072 0.598 0.00 18.416 (6.708–50.557) 0.000
p.T410M 1735 0.066 0.975 0.00 14.296 (6.149–33.238) 0.000
p.T416P 214 0.062 0.734 0.00 7.097 (1.491–33.777) 0.014
p.Q421P 1402 0.047 0.675 0.00 3.646 (0.887–14.987) 0.073
p.L445W 1241 0.089 0.229 27.50 17.216 (5.033–58.892) 0.000
p.S448L 1287 0.041 0.495 0.00 3.784 (0.891–16.069) 0.071
p.Y530H 156 0.091 0.681 0.00 11.105 (1.934–63.753) 0.007
IVS14þ1G>A 1292 0.056 0.354 9.30 4.293 (1.057–17.445) 0.042
p.L597S 170 0.061 0.941 0.00 13.142 (3.260–52.972) 0.000
IVS15þ5G>A 1428 0.042 0.956 0.00 12.041 (3.221–45.009) 0.000
p.V659L 1491 0.036 0.964 0.00 10.913 (3.612–32.976) 0.000
p.L676Q 1333 0.049 0.98 0.00 11.424 (2.623–49.746) 0.001
p.T721M 1512 0.041 0.711 0.00 8.103 (2.857–22.977) 0.000
p.H723R 1667 0.261 0.889 0.00 68.731 (32.826–143.910) 0.000
1.1 Mutations in Asian populations
IVS7-2A>G 1660 0.634 0.784 0.00 233.282 (129.564–420.028) 0.000
IVS8þ1G>A 142 0.022 0.882 0.00 8.334 (0.911–76.218) 0.000
p.A360V 1219 0.058 0.531 0.00 10.181 (2.182–47.493) 0.003
p.A372V 165 0.064 0.83 0.00 11.999 (2.036–70.704) 0.006
p.N392Y 1487 0.039 0.998 0.00 13.102 (3.876–44.280) 0.000
p.R409H 1371 0.049 0.852 0.00 18.486 (5.020–68.071) 0.000
p.T410M 1547 0.070 0.991 0.00 16.701 (6.163–45.255) 0.000
p.Q421P 1302 0.056 0.576 0.00 4.492 (0.931–21.667) 0.000
p.S448L 1287 0.041 0.495 0.00 3.784 (0.891–16.069) 0.000
IVS14þ1G>A 1157 0.006 0.54 0.00 1.217 (0.134–11.079) 0.862
IVS15þ5G>A 1428 0.042 0.956 0.00 12.041 (3.221–45.009) 0.000
p.V659L 1491 0.036 0.964 0.00 10.913 (3.612–32.976) 0.000
p.L676Q 1333 0.049 0.98 0.00 11.424 (2.623–49.746) 0.001
p.T721M 1361 0.029 0.766 0.00 5.513 (1.394–21.801) 0.015
p.H723R 1667 0.261 0.889 0.00 68.731 (32.826–143.910) 0.000
1.2 Mutations in European Populations
p.E29Q 154 0.047 0.337 11.20 11.846 (2.494–56.261) 0.002
p.V138F 154 0.098 0.088 54.20 23.590 (2.321–239.811) 0.008
p.G209V 138 0.089 0.706 0.00 17.932 (3.110–103.402) 0.001
p.L236P 116 0.036 0.074 68.60 12.128 (0.206–714.192) 0.23
IVS8þ1G>A 179 0.050 0.569 0.00 16.289 (3.924–67.619) 0.000
p.F335L 113 0.043 0.131 56.10 8.785 (0.279–276.796) 0.217
p.R409H 154 0.063 0.165 41.10 17.934 (2.238–143.730) 0.007
p.T410M 138 0.069 0.301 16.70 11.187 (1.813–69.023) 0.009
p.T416P 125 0.065 0.28 14.50 5.576 (0.620–50.112) 0.125
p.L445W 154 0.116 0.306 17.10 33.389 (7.321–152.281) 0.000
p.Y530H 125 0.120 0.385 0.00 11.852 (1.482–94.785) 0.02
IVS14þ1G>A 135 0.090 0.38 0.00 10.049 (1.638–61.656) 0.013
p.L597S 50 0.040 0.799 0.00 9.149 (0.93–90.013) 0.058
p.T721M 151 0.056 0.41 0.00 13.635 (2.757–67.432) 0.001
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Variant Number Frequency Qp I2, % OR OR P value

1.3 Mutations in North American populations
p.G209V 81 0.042 0.663 0.00 10.226 (1.111–94.093) 0.04
p.L236P 81 0.042 0.663 0.00 10.226 (1.111–94.093) 0.04
IVS8þ1G>A 70 0.058 0.928 0.00 14.802 (1.698–129.000) 0.015
p.F335L 130 0.033 0.985 0.00 8.405 (1.353–52.207) 0.022
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these 12 mutations, the IVS7-2A>G variant has the strongest
association, as well as having the highest objective response
rate. As most studies do not indicate whether participants have
EVA, this association was also assessed by performing the
meta-analysis on deaf individuals with known CT scans com-
pared with all normal controls. Twenty-two SLC26A4 variants
were found in this analysis, all with ORs in the same direction
(Table 1). IVS7-2A>G (OR¼ 207.366, 95% CI 116.278–
369.807, P¼ 0.000) and p.L236P (OR¼ 11.058, 95% CI
2.252–54.305, P¼ 0.003) had the strongest associations. Bial-
lelic (2 mutant alleles, including compound heterozygous or
homozygous mutant) compared with monoallelic IVS7-2A>G
mutation of the x2 test was also significant in this analysis

p.T416P 89 0.058 0.902
p.L597S 120 0.075 0.754
(P¼ 0.000); 18 variants including p.L236P via allele data which
was not available to perform x2 test or Fisher test. The p.H723R
alleles had only been studied in Asian populations, where this

FIGURE 3. Heat maps demonstrating 26 mutations of SLC26A4, whi
included studies (the 25 included deafness studies are displayed on the
axis. The color gradient represents the carrier frequence of the SLC2

6 | www.md-journal.com
variant was also significant (OR¼ 68.731, 95% CI 32.826–
143.910, P¼ 0.000). The p.H723R had the strongest association
with EVA (RR¼ 0.655). But biallelic compared with mono-
allelic p.H723R mutation of the Fisher test was no significant in
this analysis (P¼ 0.115) (Table 2).

Diagnostic Accuracy of the Overall Data
Figure 4 showed SROC curve for the SLC26A4 mutation

assays in the diagnosis of deafness EVA in the 25 included
studies. In the graphical representation of our data, the SROC
curve was positioned near the desirable upper left corner of the
graph; the red point indicates the maximum joint sensitivity and
specificity. As shown, the area under the curve is 1.00, indi-

0.00 9.075 (0.988–83.318) 0.051
0.00 16.282 (2.805–94.514) 0.002
cating a high level of accuracy for the SLC26A4 mutation assays
in the diagnosis of EVA. The pooled results for the overall
diagnostic accuracy are listed in Table 3. The SEN was 0.995

ch at the top of 10% frequence in the deafness patients in the 25
Y-axis, and the types of SLC26A4 mutations are displayed on the X-
6A4 mutations).
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TABLE 2. Studies Limited to Cases with EVA Phenotype

Deaf: EVA Deaf: Nor-EVA

RR
x2 Fisher

Variant Mutation Wild Mutation Wild P P

IVS7-2A>G 147 46 20 228 0.850 0.000 –
p.L236P 1 15 0 61 0.805 0.000 0.000
p.L676Q 2 24 0 90 0.793 0.000 –
p.Q421P 1 5 0 15 0.762 0.000 0.000
p.R409H 10 95 0 276 0.751 0.000 –
p.V138F 5 24 1 69 0.747 0.000 0.000
p.E29Q 2 27 0 70 0.727 0.000 0.000
p.L445W 4 25 2 68 0.727 0.000 0.000
p.H723R 43 155 3 257 0.655 0.000 –
p.T721M 2 37 0 63 0.637 0.000 0.000
p.T410M 14 150 1 158 0.533 0.000 –
p.G209V 1 12 0 9 0.455 0.000 0.000
p.Q514K 5 48 1 27 0.395 0.000 0.000
p.A360V 1 15 0 8 0.375 0.000 0.000
p.L597S 3 37 0 19 0.373 0.000 0.000
p.F335L 2 51 0 28 0.370 0.000 0.000
p.N392Y 1 37 0 18 0.339 0.000 0.000
p.V659L 3 70 2 34 0.339 0.000 –
IVS8þ1G>A 3 50 4 24 0.333 0.000 0.000
p.A372V 2 21 0 2 0.160 0.018 0.020
p.S448L 1 22 0 2 0.120 0.004 0.010

Deaf: EVA Deaf: Nor-EVA

RR
x2 Fisher

Variant Biallelic Monoallelic Biallelic Monoallelic P P

IVS7-2A>G 116 31 2 18 0.880 0.000 –
p.H723R 35 8 1 2 0.935 0.220 0.115
p.R409H 5 5 0 0 1.000 – 1.000
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(0.979–0.999), the SPE was 0.957 (0.922–0.977) (Fig. 5), the
pooled PLR was 23.036 (12.600–42.114), the NLR was 0.005
(0.001–0.022), the DOR was 4325.898(1203.304–1.6Eþ04),
and the AUC was 1.00 (95% CI: 0.99–1.00) and all the P value
were <0.05, demonstrating that a good EVA diagnosis effect
for SLC26A4 mutation assays.

Stratified Diagnostic Accuracy
In order to find more accurate targets, stratified diagnostic

accuracy for SLC26A4 genotypes have been done. Only IVS7-
2A>G and p.H723R can be used to the stratified analysis for
having sufficient data (Table 3). The AUC value of IVS7-
2A>G and p.H723R were 0.99 (0.97–0.99) and 0.99 (0.98–
1.00). Furthermore, values of SEN, SPE, PLR NLR, and DOR
for IVS7-2A>G were 0.986 (0.952–0.996), 0.885 (0.796–
0.938), 8.538 (4.742–15.372), 0.016 (0.005–0.053), and
527.190 (184.016–1510.352), respectively; while for
p.H723R, being 0.995 (0.964–0.999), 0.792 (0.672–0.876),
4.786 (2.933–7.809), 0.006 (0.001–0.046), 815.15 (107.082–
6205.238), respectively. All the P value were <0.05, demon-
strating that a good EVA diagnosis effect for IVS7-2A>G, and
p.H723R assay.

p.V138F 3 2 0

EVA¼ enlarged vestibular aqueduct, RR¼ relevant risk.
To assess the accuracy of IVS7-2A>G and p.H723R detect
EVA in NSHL deafness, we ran the algorithms using the 1437
NSHL deafness samples from the 10 datasets6,10–14,17,18,27,28

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
for the analysis of IVS7-2A>G and 1444 NSHL deafness
samples from the 9 datasets for the analysis of p.H723R. The
results suggested that the signatures had a high application value.
By detecting IVS7-2A>G and p.H723R in SLC26A4, we were
able to stratify the NSHL deafness samples into low-risk and
high-risk groups. We tested the predictive performance of IVS7-
2A>G, which showed a 31.47%–98.04% accuracy for the low-
risk groups and an 89.47%–100% accuracy for the high-risk
groups in the testing set of 2711 samples. And the predictive
performance of p.H723R that showed 13.3%–98.00% accuracy
for the low-risk groups and 100% accuracy for the high-risk
groups in the testing set of 2617 samples (Table 4).

To identify the accuracy of IVS7-2A>G and p.H723R
detect EVA in SHL deafness, we ran the same algorithms using
the 273 SHL deafness samples from the 5 datasets.15,21–23,26 By
detecting IVS7-2A>G and p.H723R, we were able to stratify
the SHL samples into low-risk and high-risk groups. The results
of the 5 testing cohorts also highlighted the practicability of the
2 mutations. IVS7-2A>G and p.H723R performed better in the
SHL samples than the NSHL samples. By detecting IVS7-
2A>G with a 68.82%–98.04% accuracy for the low-risk groups
and a 100% accuracy for the high-risk groups, p.H723R with a

1 0.833 1.000 1.000
49.7%–90.9% accuracy for the low-risk groups and a 98.4%–
100% accuracy for the high-risk groups, the both testing sets
containing 745 samples (Table 5).
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Sensitivity Analysis and Publication Bias
Sensitivity analysis was performed to assess the stability of

our study. As presented in Figure 6, no individual study
dominantly influenced the overall OR. To assess possible
publication bias in this study, the included studies were eval-
uated using Begg funnel plots and the Egger test. As shown in
Figure 7, the Begg funnel plots were almost symmetrical, and

represent each study included in the meta-analysis. The size of each
curve summarizes the overall diagnostic accuracy. AUC¼ are
SENS¼ sensitivity, SPEC¼ specificity, SROC¼ summary receiver op
the Egger regression intercept was 0.161. Thus, no evidence was
found to suggest a significant publication bias in this meta-
analysis.

TABLE 3. Pooled EVA Diagnostic Accuracy of SLC26A4 Mutation

SLC26A4 Mutation

Studies 25
Deaf group 2294
Normal group 3193
AUC (95% CI) 1.00 (0.99–1.00)
SEN (95% CI) 0.995 (0.979–0.999)
Qp 0.000
SPE (95% CI) 0.957 (0.922–0.977)
Qp 0.000
PLR (95% CI) 23.036 (12.600–42.114)
Qp 0.000
NLR (95% CI) 0.005 (0.001–0.022)
Qp 0.000
DOR (95% CI) 4325.898 (1203.304–1.6Eþ 04) 52
Qp 0.000

AUC¼ area under the SROC curve, CI¼ confidence intervals, DOR¼ diag
likelihood ratio, PLR¼ pooled positive likelihood ratio, SEN¼ sensitivity,

8 | www.md-journal.com
DISCUSSION
The SLC26A4 mutations in hearing loss patients from

around the world were found to be very diverse, with a wide
mutation spectrum. The most common pathological types of
mutations were reported, and ethnic specificity was present in
the SLC26A4 mutations. Although different hotspots of
SLC26A4 mutations were present in the different ethnic popu-

dy is indicated by the size of the solid circle. The regression SROC
under the SROC curve, EVA¼ enlarged vestibular aqueduct,
ting characteristic curve.
lations, NSHL with EVA or PS may be caused by the same
mutation. Several studies have investigated the genotype–phe-
notype correlation of deafness with SLC26A4 mutations.35–40

s

IVS7-2A>G p.H723R

15 15
1710 1667
1746 1695

0.99 (0.97–0.99) 0.99 (0.98–1.00)
0.986 (0.952–0.996) 0.995 (0.964–0.999)

0.000 0.000
0.885 (0.796–0.938) 0.792 (0.672–0.876)

0.000 0.000
8.538 (4.742–15.372) 4.786 (2.933–7.809)

0.000 0.000
0.016 (0.005–0.053) 0.006 (0.001–0.046)

0.000 0.000
7.190 (184.016–1510.352) 815.15 (107.082–6205.238)

0.000 0.014

nostic odds ratio, EVA¼ enlarged vestibular aqueduct, NLR¼ negative
SPE¼ specificity.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
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Tsukamoto et al26 reported that 78.13% (25/32) of EVA-
positive patients carried SLC26A4 mutations in the Japanese
population, while 46.94% (23/49) of such patients carried
mutations in the Chinese population.11 Additionally, we found
that the overall mutations in the SLC26A4 gene accounted for
73.64% (648/880) of the patients with EVA. Presumably,
genetic factors are involved in the pathogenesis of EVA in
the multiethnic cohort. In order to obtain a confident result from
the genotype–phenotype correlations in PS or nonsyndromic
EVA patients with SLC26A4 mutations, we conducted meta-
analysis between the SLC26A4 mutations and the deafness with
EVA. The ORs of the mutations in the SLC26A4 gene with EVA
were all found to be greater than 1, indicating a significant
correlation between the SLC26A4 mutations and deafness with
EVA. The ethnic and regional differences were always the
cause for the observed heterogeneity. In the Asian population

FIGURE 5. Forest plots of estimates of sensitivity and specificity for t
of the sensitivity (A) and specificity (B) from each study are shown a
25 reference studies listed in Table 3. , CI¼ confidence interval, E
IVS7-2A>G had the highest frequency of 63.41%
(OR¼ 233.282, P< 0.05), p.H723R had a second higher fre-
quency of 26.11% (OR¼ 68.731, P< 0.05), while p.G209V

TABLE 4. The Accuracy of EVA in NSHL by Detecting IVS7-2A>G

IVS7-2A>G

Study
Number of

Sample
Low-Risk

Group, %
�

Hig
Gro

Yuan et al, 200910 238 96.08 8
Du et al, 201411 116 89.11 1
Hu et al, 201218 121 98.04 1
Dai et al, 200817 70 90.91 9
Xin et al, 201312 216 97.56 1
Chai et al, 20136 340 81.48 9
Dai et al, 2009(1)14 150 88.39 9
Dai, 2009(2)14 150 67.11 1
Lee et al, 200813 – –
Zhao et al, 201428 1189 31.74 1
Lai et al, 201227 121 96.08 8

EVA¼ enlarged vestibular aqueduct, NSHL¼ nonsyndromic hearing los�
Percentage of actual ‘‘good’’ samples in the predicted low-risk group.
yPercentage of actual ‘‘bad’’ samples in the predicted high-risk group.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
was specially found in North America and Europe. Further-
more, IVS8þ 1G>A were common in Asian, North American,
and European samples, and the average mutation frequencies of
deafness were 2.19%, 5.79%, and 4.99.%, respectively.

According to the results of the meta-analysis by genotypes,
there were 22 mutations were considered statistically significant
in all ethnicities, which indicated that p.E29Q, p.V138F,
p.G209V, p.L236P, IVS7-2A>G, p.F335L, p.A360V,
p.A372V, p.N392Y, p.R409H, p.T410M, p.T416P, p.L445W,
IVS8þ 1G>A, p.Y530H, IVS14þ 1G>A, p.L597S,
IVS15þ 5G>A, p.V659L, p.L676Q, p.T721M, and p.H723R,
which were all associated with EVA.

In addition, the auditory phenotype of EVA was reported to
be strongly correlated with the number of SLC26A4 mutation
alleles in Caucasian populations.38,39 However, in Korean
populations, the auditory phenotype is more strongly associated

overall SLC26A4 mutations on EVA diagnostic. The point estimates
lid points. Error bars represent the 95% CI. Numbers indicated the
¼ enlarged vestibular aqueduct.
with the type of SLC26A4 mutation than with the number of
SLC26A4 mutation alleles.35 In order to better understand the
correlation between type of SLC26A4 mutation and number of

and p.H723R

p.H723R

h-Risk
up, %y

Number of
Sample

Low-Risk
Group, %

�
High-Risk
Group, %y

8.24 240 85.1 100.0
00.00 116 84.1 100.0
00.00 121 87.7 100.0
3.33 69 76.9 100.0
00.00 216 93.5 100.0
7.94 340 59.7 100.0
7.44 150 71.9 100.0
00.00 – – –

– 55 98.0 100.0
00.00 1189 13.3 100.0
9.47 121 84.0 100.0

s.
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TABLE 5. The Accuracy of EVA in SHL by Detecting IVS7-2A>G and p.H723R

IVS7-2A>G p.H723R

Study
Number of

Sample
Low-Risk

Group, %
�

High-Risk
Group, %y

Number of
Sample

Low-Risk
Group, %

�
High-Risk
Group, %y

Wang et al, 200722 185 76.36 100.00 185 49.7 100.0
Tsukamoto et al, 200326 138 70.59 100.00 138 85.7 100.0
Miyagawa et al, 201421 292 68.82 100.00 292 83.0 98.4
Lai et al, 200723 57 98.04 100.00 57 90.9 100.0
Wu et al, 200515 73 96.15 100.00 73 69.4 100.0

up.
p.
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SLC26A4 mutation, we made the subset analysis on studies
limited to cases with EVA phenotype. Ranked from high to low,
IVS7-2A>G, p.L236P, p.L676Q, p.Q421P, p.R409H, p.V138F,
p.E29Q, p.L445W, p.H723R, and p.T721M present RR >0.5
(Table 2). The highest objective response rate for the type of
SLC26A4 mutation was IVS7-2A>G (RR¼ 0.850). On the
other hand, biallelic mutant was more strongly associated with
monoallelic mutant for IVS7-2A>G assay on EVA patients
(RR¼ 0.880, P< 0.05). In contrast, both biallelic and mono-
allelic mutant have no difference for p.H723R, p.R409H, and
p.V138F assay on EVA patients (RR> 0.5, P> 0.05). So above
10 types of SLC26A4 mutation are correlated with the EVA
phenotype. For IVS7-2A>G assay, biallelic mutant can
improve the objective response rate of EVA, while it has no
difference in p.H723R, p.R409H, and p.V138F.

Until now, IVS7-2A>G and all p.H723R have been
detected in Asia for both NSHL and SHL, while most of

EVA¼ enlarged vestibular aqueduct, SHL¼ syndromic hearing loss.�
Percentage of actual ‘‘good’’ samples in the predicted low-risk gro
y Percentage of actual ‘‘bad’’ samples in the predicted high-risk grou
mutations have been reported in Europe and North America
with inadequate data for further diagnostic accuracy. Further-
more, we pooled the overall diagnostic accuracy and subset

FIGURE 6. Sensitivity analysis of the pooled SLC26A4 mutation OR
computed by omitting each study in turn. Meta-analysis random effec
dotted lines represent the 95% CI. CI¼ confidence interval, OR¼od

10 | www.md-journal.com
analysis for EVA individuals with the IVS7-2A>G and
p.H723R mutations. The PLR values of the IVS7-2A>G and
p.H723R subgroup of the meta-analysis were 8.538 and 4.786,
respectively, suggesting that deafness with IVS7-2A>G or
p.H723R is approximately 8.538- or 4.786-fold more likely
to be associated with EVA than the control. The NLR value of
0.016 or 0.006 in the meta-analysis means that the probability of
IVS7-2A>G or p.H723R is 1.6% or 0.6% without EVA, which
is low enough to rule out EVA. Furthermore, the SROC curves
of p.H723R and IVS7-2A>G show that all the areas under the
curve were 0.99. Both IVS7-2A>G and p.H723R had confi-
dence P values. All the results indicated a high level of accuracy
for IVS7-2A>G and p.H723R assays in the diagnosis of EVA.

As Li et al mentioned, interpatient and intradisease hetero-
geneity has an important role in affecting the robustness of gene
signatures.41 In this study, we screened the data from random-
ized samples from a variety of sources to calculate the accuracy

of IVS7-2A>G and p.H723R detected in EVA cases with
NSHL or SHL. The results showed that this strategy was able
to significantly increase the predictive accuracy, especially in

influence in the deafness and control groups. The results were
ts estimates (in the exponential form) were used. The 2 ends of the
ds ratio.

Copyright # 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 7. Begg funnel plots of publication bias for studies
evaluating the odds ratio (OR) of the SLC26A4 mutation in
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high-risk groups. The predictive accuracy was 88.24%–100%,
100% in NSHL, 100%, 98.4%–100% in SHL for IVS7-2A>G
and p.H723R-detected EVA, respectively.

Heterogeneity is a potential problem in interpreting the
results of any meta-analysis, our meta-analysis was interpreted
within the context of its limitations. In this study, 1 of the
mutations in Asia ORs P value >0.05, 4 of mutations in Europe
ORs P value> 0.05, 1 of the mutations in North America ORs P
value> 0.05, however, the available data from Oceania and
Africa were inadequate for analysis, which means that getting
more ongoing studies or data in future may contribute to
statistical significance in our meta-analysis.

CONCLUSIONS
In this study, we provide evidences that 22 mutations in

SLC26A4 are significantly associated with EVA risk via a
systematic meta-analysis. For 22 common mutations, IVS7-
2A>G and p.H723R may be responsible for deafness in Asian
populations, while p.G209V may be a genetic hotspot for
deafness in European and American populations. Furthermore,
SLC26A4 mutations are significantly associated with EVA
diagnoses. Importantly, IVS7-2A>G and p.H723R may be used
as a molecular target to identify deafness with EVA, especially
the assay of IVS7-2A>G and its biallelic mutants can improve
the objective response rate of EVA.
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