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Abstract
Purpose When referring to enlarged vestibular aqueduct (EVA) we should differentiate between nonsyndromic enlarged 
vestibular aqueduct (NSEVA) and Pendred Syndrome (PDS), a disease continuum associated with pathogenic sequence 
variants of Pendrin’s Gene (SLC26A4) in about half of the cases. The study was aimed to analyse the clinical and audiologi-
cal features of a monocentric cohort of Caucasian patients with NSEVA/PDS, their genetic assessment and morphological 
inner ear features.
Methods We retrospectively reviewed the audiologic, genetic and anamnestic data of 66 patients with NSEVA/PDS fol-
lowed by our audiology service.
Results SLC26A4 mutations was significantly correlated with the presence of PDS rather than NSEVA (p < 0.019), with 
the expression of inner ear malformations (p < 0.001) and with different severity of hearing loss (p = 0.001). Furthermore, 
patients with PDS showed significantly worse pure tone audiometry (PTA) than patients with NSEVA (p = 0.001). Ana-
tomically normal ears presented significantly better PTA than ears associated with Mondini Malformation or isolated EVA 
(p < 0.001), but no statistically significative differences have been observed in PTA between patients with Mondini Malfor-
mation and isolated EVA.
Conclusion NSEVA/PDS must be investigated in all the congenital hearing loss, but also in progressive, late onset, stepwise 
forms. Even mixed or fluctuating hearing loss may constitute a sign of a NSEVA/PDS pathology. Our findings can confirm 
the important role of SLC26A4 mutations in determining the phenotype of isolated EVA/PDS, both for the type/degree of 
the malformation, the hearing impairment and the association with thyroid dysfunction.

Keywords Enlarged vestibular aqueduct · Mondini Malformation · Hearing loss · Inner ear malformation · Pendred 
Syndrome

Introduction

Approximately 20% of congenital hearing loss (SNHL) is 
associated with inner ear malformations (IEM) [1, 2]. The 
enlarged vestibular aqueduct (EVA) is reported to be the 
most common IEM associated with hearing loss in children, 
often bilaterally [3–5]. The IEM represent, thus, the third 

cause of hearing loss in the paediatric population [5]. IEM 
and, in particular EVA, can be an isolated disease (nonsyn-
dromic) or represent part of a syndromic manifestation asso-
ciated with specific genetic mutations [3, 6–8].

When referring to EVA, therefore, we should differen-
tiate between nonsyndromic enlarged vestibular aqueduct 
(NSEVA or DFNB4) and Pendred Syndrome (PDS). Both 
conditions comprise a wide spectrum of hearing loss, ves-
tibular disfunctions and temporal bone abnormalities, but 
thyroid pathologies are also present in PDS (Fig. 1). For 
these reasons, NSEVA and PDS should be considered part 
of a disease continuum [9, 10]. Furthermore, an EVA can be 
associated with other syndromic conditions, such as distal 
renal tubular acidosis (dRTA), branchio-oto-renal syndrome 
(BOR) or Waandenburg syndrome [3, 11, 12].
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NSEVA/PDS is described as being associated with patho-
genic sequence variants of Pendrin’s Gene (SLC26A4) in 
about half of the cases, either as homozygous or compound 
heterozygous mutations [13]. Even if most of the patients 
with NSEVA/PDS are reported as compound heterozygous, 
subjects with one or no pathogenic mutations of SLC24A4 
have been reported [14, 15]. Mutations in FoXi1 or KCNJ10 
genes, both associated or not with SLC26A4 mutations have 
been reported in a minority of patients (about 1% each) [16].

Additionally, the enlargement of the vestibular aque-
duct can be associated with cochlear and modiolar defects, 
defining the Mondini Malformation: the association of EVA, 
enlarged vestibule and cochlear incomplete partition type 
2 [2]

The aim of our study is to analyse the clinical and audi-
ological features of a monocentric cohort of Caucasian 
patients with NSEVA/PDS; their genetic assessment and 
morphological inner ear features are also described in detail. 
Furthermore, a review of the recent literature is provided, 
and our results discussed in comparison with those reported 
in the literature.

Materials and methods

We retrospectively reviewed the audiologic and personal 
anamnestic data of 66 patients with NSEVA/PDS followed 
by our audiology service.

The audiologic data were extracted from the last audio-
logic evaluation of each patient. In every audiologic assess-
ment otoscopy, pure-tone audiometry (PTA) for air and bone 
threshold, speech audiometry, tympanometry and stapedial 
reflex examination study was ruled out. For patients under 
the age of six, a behavioural hearing testing and auditory 
brainstem responses (ABR), both for air and bone conduc-
tion thresholds, were obtained. Furthermore, for the aided 
patient [both with cochlear implant (CI) and hearing aids 
(HA)], a free field audiometry was performed with and with-
out the device on.

Audiometry measures were carried out using the Intera-
coustics Clinical Audiometer AC40. When measuring the air 
conduction hearing threshold, we assigned a value of 125 dB 

to any frequency threshold over the maximum output limit 
of the audiometer (105 dB for 0.25 kHz and 125 dB for 0.5 
and 1 kHz, 120 dB for 2 kHz). Any vibrotactile sensation 
was excluded.

All the patients over 16 years old underwent a vestibular 
assessment with vestibular caloric testing. Responses were 
recorded through an infrared GN Otometrics eye-tracking 
system.

All the enrolled patients underwent MRI and TC study 
for the evaluation of the petrous bone. We refer to isolated 
EVA when the anterior–posterior diameter of the vestibu-
lar aqueduct is larger than 1.5 mm, according to Valvassori 
and Clemis criteria [17]; we refer to Mondini Malformation 
as the association of EVA, enlarged vestibule and cochlear 
dysplasia with cystic apex (known as incomplete partition 
type II (IP-II) [2, 18].

All the patients with NSEVA/PDS who gave their consent 
to the procedure underwent a genetic research of SLC26A4 
gene mutations with PCR. After extracting DNA from whole 
blood, mutation screening was completed by single-stranded 
conformational polymorphism and direct sequencing of the 
SLC26A4 coding region. The patients who underwent the 
procedure were divided into 4 groups: we refer to M0 for 
patients without SLC26A4 mutation, M1 for patients with 
heterozygous mutation, M2 for patients with compound het-
erozygous mutations and M3 for patients with homozygous 
mutation.

Associations between SCL26A4 mutations groups (M0, 
M1, M2, M3) and continuous variables were determined 
using the ANOVA procedure and the Kruskal–Wallis test 
for nonparametric data. The t-test was used for compar-
ing the means of thresholds in between mutations groups. 
Associations between SCL26A4 mutations groups and cat-
egorical variables (type of mutations) were determined using 
the Spearman’s rank correlation procedure. The significant 
independent variables, then, were analysed together by a 
multivariate model based on multiple linear regression. P 
values < 0.05 were considered as statistically significant. All 
analyses were performed using SPSS v.26 technology.

Results

Of the 66 patients (132 ears) presenting NSEVA/PDS fol-
lowed by our centre, 26 were males (39%) and 40 were 
females (61%) with a mean age of 26.2 years (1–69 years).

Thirty-nine patients presented a NSEVA (59%), whereas 
18 presented PDS (27%); 9 patients (13%) presented other 
syndromic conditions: 5 cases of dRTA, 3 mild cognitive 
impairment and 1 case of chromosomic abnormalities.

An isolated EVA was reported in 47 patients (71%), uni-
laterally in 9 cases (14%, 5 left, 4 right); bilaterally in 38 
cases (57%); meanwhile, a Mondini Malformation was found 

Fig. 1  Description of the different features of non-syndromic 
enlarged vestibular aqueduct (NSEVA) and Pendred Syndrome 
(PDS); EVA enlarged vestibular aqueduct, IP-II incomplete partition 
type II
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in 19 patients (29%), unilaterally in 1 case (1,5%), bilaterally 
in 18 cases (27%).

All the reported patients presented some grade of hearing 
loss, unilaterally in 10 cases (15%), bilaterally in 56 cases 
(85%). Considering each ear singularly, 10 ears (8%) had 
normal hearing, 9 ears (7%) a mild hearing loss, 21 ears 
(16%) a medium hearing loss, 15 ears (11%) a severe hear-
ing impairment, and 77 ears (58%) a profound hearing loss. 
Twenty-one patients presented a mixed hearing loss (32%), 
with a mean air bone gap of 15.5 dB. No patients presented 
a pure conductive hearing loss.

Three of the 10 patients with unilateral malformation pre-
sented a bilateral hearing impairment. In 2 of these cases, 
the malformed ear presented a worse threshold, while in 
another case, the worse hearing threshold was reported in 
the anatomically normal ear. Moreover, 3 of the 10 patients 
with unilateral hearing impairment presented a bilateral 
malformation.

The mean age at hearing loss onset was 3.9 years (from 
congenital to 20 years). In 23 cases (35%), the hearing loss 
was congenital. Except for 7 congenital profound hearing-
impaired patients (11%), all the other cases (89%) experi-
enced a progression of hearing loss over time, often stepwise 
or trigger onset.

Thirty-two patients in the reported cohort (48%) used 
hearing aids for hearing rehabilitation, 21 patients (32%) had 
undergone a unilateral cochlear implantation, and 3 patients 
(4%) had been bilaterally implanted. The 10 patients that 
presented a single normal ear (15%) were unaided.

A vestibular impairment was reported in 34 of the 44 
tested patients (77%), of whom 6 (17%) presented a bilateral 
vestibular areflexia at caloric vestibular stimulation. Oth-
erwise, 10 patients (23%) did not manifest any vestibular 
disfunction at caloric stimulation.

Fifty-seven of the followed patients (86.3%, 114 ears) had 
been submitted to genetic research of SLC26A4 mutations. 
24 patients (42.1%) had been found no mutations of Pen-
drin gene (M0); in 10 cases (17.5%), we found a heterozy-
gous mutation (M1), in 14 patients (24.5%), a compound 
heterozygous mutation (M2) and in 9 patients (15.7%), a 
homozygous mutation (M3). In nine patients (13.6%), it was 
not possible to perform the genetic test, as the patients did 
not give their consent.

At univariate analysis, we found a significative asso-
ciation between SLC26A4 mutations and the presence of 
PDS rather than NSEVA (Spearman’s coefficient = 0.269 
p < 0.019). Indeed, PDS was more likely to be present in the 
M3 or M2 groups than in the M1 and M0 groups.

Furthermore, SLC26A4 mutations were significantly 
associated with the presence of the different malforma-
tions associated with NSEVA/PDS (Spearman’s coeffi-
cient = 0.417 p < 0.001). In fact, Mondini Malformation was 
more likely to be present in the M3 group, followed by M2, 

M1 and then the M0 group. Isolated EVA, on the other hand, 
was significantly more frequent in patients of the M0 group, 
then M1, M2 and, finally, M3 group of patients.

Moreover, we found that the SLC26A4 mutations were 
significantly correlated with the PTA of each patient’s ear 
(Spearman’s coefficient = 0.363 p = 0.001). Indeed, the M3 
patients presented the worse thresholds, followed by the M2 
cohort, then the M1 and M0 groups. At Kruskal–Wallis test-
ing, the difference between groups was statistically signifi-
cant (p = 0.017). No significant differences in hearing thresh-
olds were found between the M0 and M1 groups (p = 0.39), 
M1 and M2 groups (p = 0.076), M1 and M3 groups (p = 0.3) 
or M2 and M3 groups (p = 0.733) at Student t-testing, but 
significant differences of thresholds were found between 
the M0 and M2 groups (p = 0.003) and M0 and M3 groups 
(p = 0.043) (Fig. 2).

Moreover, we found that the expression of PDS signifi-
cantly correlated with the expressions of worse PTA (Spear-
man’s coefficient = 0.265 p = 0.002) and patients with PDS 
showed significantly worse PTA than patients with NSEVA 
(p = 0.001). Furthermore, also the expression of inner ear 
malformation was found to be correlated with PTA (Spear-
man’s coefficient = 0.233 p = 0.007). Patients with anatomi-
cally normal ears presented better PTA than ears associated 
with Mondini Malformation or isolated EVA. Even if a sig-
nificantly worse PTA was found in malformed ears (both 
with Mondini Malformation and isolated EVA) rather than 
anatomically normal ears (p < 0.001), no statistically signifi-
cant differences were found in PTA between patients with 
Mondini Malformation and isolated EVA (p = 0.916).

Fig. 2  Whisker box plots of pure tone audiometry (PTA) in M0, M1, 
M2 and M3 group of patients; difference between the groups is sta-
tistically significative (p = 0.017); M0 = patients without SLC26A4 
mutations, M1 = patients with a single heterozygous mutation of 
SLC26A4, M2 = patients with compound heterozygous mutation of 
SLC26A4, M3 = patients with homozygous mutation of SLC26A4
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No significant correlation was found between muta-
tions and age at hearing loss onset (Spearman’s coeffi-
cient = − 0.286 p < 0.113) or mutations and progression of 
hearing loss (Spearman’s coefficient = − 0.045 p < 0.791).

At multivariate analysis, the PTA in our cohort was still 
significantly related with the expression of PDS (RC = 3,628 
p = 0.001) and with the presence of inner ear malformations 
(RC = 2.709 p = 0.008). On the other hand, the association 
between the mutations group and PTA lost its significance 
(RC = 1.152 p = 0.253).

Discussion

In this paper, we provided a detailed description of clini-
cal, audiological, radiological and genetic features of our 
cohort of 66 patients with EVA. NSEVA/PDS is a disease 
continuum underlying many cases of hearing loss, vestibular 
disfunction and IEM [3, 9, 10]. It is reported as the third 
cause of congenital hearing loss [16].

The main theory underlying the relationship between 
the enlargement of the vestibular aqueduct and the various 
aspects of hearing loss (severity, onset and type) is based on 
the impact that inner ear fluids pressure determine on inner 
ear structures [19, 20]. EVA, indeed, may be associated with 
a hydroelectrolytic imbalance of the inner ear fluids and with 
an increased inner ear pressure; so the hydrops of all the 
membranous labyrinth can lead to the destruction of coch-
lear and vestibular membranous structures and, finally, to 
hearing loss and vestibular impairment [20]. The high inner 
ear fluid pressure, furthermore, can limit the stapes move-
ment causing the conductive component of the hearing loss 
[3]. Another mechanism that may explain the conductive 
component of the hearing loss is the third window effect 
induced by EVA, first described by Merchant in 2007 [21]. 
An EVA, indeed, produces a large communication between 
the bony vestibule and the cranial cavity, resulting in an 
air–bone gap, similar to that observed in superior semi-
circular canal dehiscence [21].

A wide spectrum of hearing loss is associated with 
NSEVA/PDS, and most of the authors reported a bilateral 
severe-to-profound SNHL. Despite that, unilateral, mild 
or medium hearing impairments, and even normal hearing 
patients with NSEVA/PDS have been described in the lit-
erature [3, 4, 17, 22–24].

In our cohort, most of the patients presented a severe-to-
profound hearing impairment [92 of the 132 ears (70%)]. 
Considering each ear singularly, 7% (9 ears) presented a 
mild hearing loss and 16% (21 ears) a medium hearing loss.

The hearing loss was bilateral in 56 cases (85%) and uni-
lateral in 10 cases (14%). It is noticeable that even 3 out of 
10 anatomically normal ears presented some degree of hear-
ing loss. We can speculate that the molecular mechanism 

underlying the pathology may cause a hearing impairment 
even without a radiologically evident malformation of the 
inner ear.

Regarding the type of hearing loss, even if SNHL was 
reported as the most frequently associated with NSEVA/
PDS, patients with mixed and pure conductive cases are also 
described in the literature [23] in a widely variable percent-
age: from 12 [25] to 80% [26]. In our cohort, 45 patients 
presented SNHL (68%) and 21 a mixed hearing loss (32%). 
No patients presented a pure conductive hearing loss.

A wide variability is also reported regarding hearing loss 
progression over time. Many patients present congenital 
forms of hearing loss, but some grade of progression or fluc-
tuation of the hearing threshold is constantly described in 
the literature. The reported percentage of progressive hear-
ing loss in patients with NSEVA/PDS varies from 17 [25] to 
60% [27]. Even if a recent study reported that subjects with 
biallelic mutation of SLC26A4 showed earlier onset of hear-
ing loss and faster progression, we could not find the same 
in our cohort. Trigger events are also stated as being related 
with the onset of hearing loss by many authors [3, 23]. The 
most frequently reported trigger is head trauma [28, 29], 
but also Valsalva manoeuvre [30], physical exercise [26], 
barotrauma or high fever [31] has been related to the onset 
of worsening hearing. The reported percentage of patients 
that experienced worsening hearing after trigger events goes 
from 3 [29] to 80% [32].

In the present study, we reported a mean age at hearing 
loss onset of 3.9 years, with 23 cases (35%) of congenital 
hearing impairment and a higher age at hearing loss onset 
of 20 years. Furthermore, 89% of patients experienced a 
progression of hearing loss over time, frequently stepwise 
or trigger related.

One of the most interesting and controversial aspects of 
NSEVA/PDS is the genetic aspect and the possibility of a 
correlation between SLC26A4 mutations and the phenotypic 
expression of the pathology.

In 1999, Usami et al. first demonstrated that mutations 
in the Pendrin gene were associated with the presence of 
both NSEVA and PDS [8]. Nowadays, it is widely demon-
strated that NSEVA/PDS molecular diagnosis relies on the 
identification of a biallelic pathogenic mutation of SLC26A4 
(in homozygosis or compound heterozygosis), or a double 
heterozygosity for one pathogenic variant in SLC26A4 and 
one pathogenic variant in either FOXI1 or KCNJ10 [16]. 
Despite that, even cases of NSEVA/PDS with a single or 
no allele mutation of SLC26A4 have been reported in the 
literature [14, 15]. Phenotypic differences regarding ethnic-
ity have also been reported. Tsukamoto et al. [33] and Park 
et al. [34] reported that in NSEVA/PDS Korean and Japa-
nese patients more than 80% present two pathogenic muta-
tions of SLC26A4, slightly more than 10% a single patho-
genic mutation and slightly less than 10% no pathogenic 



2309European Archives of Oto-Rhino-Laryngology (2021) 278:2305–2312 

1 3

mutation. In European and North American patients, 25% 
of cases are reported to present two pathogenic mutations 
of SLC26A4, another 25% a single pathogenic mutation and 
50% no pathogenic variant of SLC26A4 [35, 36]. Our cohort 
of European Caucasian patients presented an incidence of 
mutation in line with those reported in the literature for 
European and North American populations, even if we found 
a slightly higher incidence of biallelic mutated patients and a 
lower incidence of patients with monoallelic mutations and 
no mutations: 40.2% exhibited two pathogenic mutations 
(24.5% as compound heterozygosis, 15.7% as homozygo-
sis), 17.5% revealed a single pathogenic mutation and 42.1% 
showed no mutations.

Pendrin is a trans-membrane protein highly expressed in 
the thyroid and inner ear, and it is involved in the mainte-
nance of inner ear fluid homeostasis [37, 38]. The lack of 
pendrin or the loss of its functionality during ontogenesis 
can determine an increase in inner ear fluid pressure due to 
an abnormal endolymphatichydro-electrolyte balance and 
osmotic pressure, leading to a dilated vestibular aqueduct [6, 
12, 17, 39, 40]. Furthermore, the increasing fluid pressure 
through the EVA during ontogenesis can determine a dilata-
tion of the vestibule and the cystic evolution of the apical 
part of the cochlea, as previously theorized by Sennaroglu 
et al., leading to the so-called Mondini malformation [40].

The hydroelectrolytic imbalance can also explain the 
association between EVA and other syndromes such as 
dRTA.

Previous studies correlated the genetic features in terms 
of number of mutated alleles of the SLC26A4 gene to the 
severity of the associated IEM, to the entity of the hearing 
impairment, to the tendency to progression over time of the 
hearing loss and to the expression of thyroid pathology.

It is speculated that a more severe impairment of pendrin 
functionality related to a biallelic mutation may determine a 
higher inner ear fluid pressure and so worse hearing thresh-
olds and more severe malformations, namely EVA with 
wider diameters and Mondini Malformation.

In this regard, in 2019, Mey et al. demonstrated that 
individuals with two allele mutations of the Pendrin gene 
have a higher probability of having Mondini Malforma-
tion instead of isolated EVA [41, 42]. Moreover, the same 
authors reported that SLC26A4 biallelic mutations were cor-
related with larger endolymphatic sac size [41, 42]. Our find-
ings confirmed the Mey et al. thesis. Patients with biallelic 
mutations (M2 and M3 groups), indeed, were more likely to 
present Mondini Malformation than isolated EVA.

Furthermore, King et al. in 2010, Rose et al. in 2017, 
and Mey et al. in 2019 demonstrated that patients with 
2 mutated alleles showed worse thresholds and a ten-
dency to progress faster than the patients with 1 or no 
mutated SLC26A4 alleles [22, 41–43]. Also, an earlier 

onset of hearing loss in patients with biallelic mutations 
was described by those authors. On the other hand, other 
authors have published studies that showed no correla-
tions between SLC26A4 gene mutations and hearing loss 
features [24, 44]. Our findings partially confirm what 
has been previous reported in the literature. As a mat-
ter of fact, in our cohort, patients with biallelic muta-
tions (M2 and, in particularly, M3 groups) presented the 
worse thresholds with a statistically significant difference 
between the groups (p = 0.017): no significant differences 
in hearing thresholds had been found between the M0 and 
M1 groups, M1 and M2 groups, M1 and M3 groups, or M2 
and M3 groups, but significant differences of thresholds 
were found between the M0 and M2 groups and M0 and 
M3 groups.

Otherwise, no significant correlations were found 
between mutations and age at hearing loss onset or ten-
dency to hearing loss progression.

Regarding the petrous bone malformations, we found 
a significant correlation between the SLC26A4 mutations 
group and the presence of Mondini Malformations rather 
than isolated EVA, with Mondini Malformation more 
likely to be present in the M3 group, followed by M2, M1 
and then the M0 group and isolated EVA more frequent 
in patients of the M0 group, then M1, M2 and, finally, 
the M3 group of patients. In our sample, we did not find 
significant differences in the thresholds of patients with 
isolated EVA compared with those presenting a Mondini 
Malformation, similar to King et al. [20], who did not find 
any correlation between the degree of inner ear anomalies 
and the severity of hearing loss in NSEVA/PDS. On the 
other hand, anatomically normal ears presented a signifi-
cantly better PTA than malformed ears.

Regarding the association between EVA and thyroid 
dysfunction, Azaiez et al. reported that biallelic mutations 
of SLC26A4 are also correlated with PDS expression [45]. 
Our findings confirm the findings of the study by Azaiez 
and colleagues, since we also reported that PDS was more 
likely to be present in the M3 or M2 groups than in the M1 
and M0 groups with a significant association.

Finally, patients with PDS showed significantly worse 
PTA than patients with NSEVA.

From the literature data and from those herein reported, 
we can confirm the important role of SLC26A4 muta-
tions in determining the phenotype of isolated EVA/PDS, 
both for the type/degree of the malformation, the hearing 
impairment and the association to thyroid dysfunction. 
A biallelic mutation of the SLC26A4 gene (especially if 
homozygous) can lead to a more severe pathology, with 
increasing ear homeostasis impairment and consisting of 
a more severe hearing loss, more severe IEM and a higher 
chance of presenting PDS rather than NSEVA.
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Conclusions

NSEVA/PDS is a disease continuum presenting a wide 
spectrum of hearing impairment, vestibular dysfunction, 
IEM, and thyroid pathologies. Specific genetic mutations 
of the SLC26A4 gene underlie this pathology.

Furthermore, as the findings of our study on European 
Caucasian subjects confirmed, patients that have biallelic 
mutations (especially if homozygous) express a more 
severe disease, with worse hearing thresholds and a higher 
tendency to present thyroid pathologies and Mondini Mal-
formations rather than isolated EVA.

Given the relatively higher prevalence and the widely 
variable audiologic presentation, NSEVA/PDS must be 
investigated in all the congenital hearing loss, but also 
in progressive, late onset, stepwise forms. Even mixed or 
fluctuating hearing loss may constitute a sign of a NSEVA/
PDS pathology.

In patients suspected to present NSEVA/PDS, a diag-
nostic assessment should include a complete audiologi-
cal evaluation and vestibular testing to characterize the 
audio-vestibular features of each subject, a petrous bone 
radiologic assessment for the evaluation of malformative 
aspects, a thyroid functionality testing and the genetic 
study for defining SLC26A4 mutations.

Once the diagnosis is completed, therefore, it is impor-
tant to set up accurate counselling sessions with the 
patients or their family, underlining the possibility that 
the hearing loss will progress and the importance of avoid-
ing triggers like head trauma, Valsalva manoeuvre, and 
scuba diving.

Even if our findings confirmed what some previous 
studies have reported in the literature with a rather large 
cohort of European Caucasian patients, further research on 
larger cohorts of patients are needed to better understand 
the pathogenic mechanism underlying NSEVA/PDS.

Funding Open access funding provided by Università di Pisa within 
the CRUI-CARE Agreement.

Data availability All the data are stored at our clinic’s archives.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval The authors declare that the procedures followed are 
in accordance with the regulations established by the directors of the 
Commission for Clinical and Ethical Research and in accordance with 
the Helsinki Declaration of the World Medical Association.

Informed consent Informed consent was obtained from all participants 
included in the study or their parents if under 18.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Jackler RK, Luxford WM, House WF (1987) Congenital malfor-
mations of the inner ear: a classification based on embryogenesis. 
Laryngoscope 97(3 Pt 2 Suppl 40):2–14

 2. Sennaroglu L, Bajin MD (2017) Classification and current man-
agement of inner ear malformations. Balk Med J 34(5):397–411. 
https ://doi.org/10.4274/balka nmedj .2017.0367

 3. Berrettini S, Forli F, Bogazzi F, Neri E, Salvatori L, Casani AP, 
Franceschini SS (2005) Large vestibular aqueduct syndrome: 
audiological, radiological, clinical, and genetic features. Am J 
Otolaryngol 26(6):363–371. https ://doi.org/10.1016/j.amjot 
o.2005.02.013

 4. Zhou G, Gopen Q, Kenna MA (2008) Delineating the hearing 
loss in children with enlarged vestibular aqueduct. Laryngoscope 
118(11):2062–2066. https ://doi.org/10.1097/MLG.0b013 e3181 
8208a d

 5. Global Burden of Disease CAH (2017) Child and adoles-
cent health from 1990 to 2015: findings from the global bur-
den of diseases, injuries, and risk factors 2015 study. JAMA 
Pediatr 171(6):573–592. https ://doi.org/10.1001/jamap ediat 
rics.2017.0250

 6. Sennaroglu L (2010) Cochlear implantation in inner ear malfor-
mations–a review article. Cochlear Implants Int 11(1):4–41. https 
://doi.org/10.1002/cii.416

 7. Papsin BC (2005) Cochlear implantation in children with anoma-
lous cochleovestibular anatomy. Laryngoscope 115(1 Pt 2 Suppl 
106):1–26. https ://doi.org/10.1097/00005 537-20050 1001-00001 

 8. Usami S, Abe S, Weston MD, Shinkawa H, Van Camp G, Kim-
berling WJ (1999) Non-syndromic hearing loss associated with 
enlarged vestibular aqueduct is caused by PDS mutations. Hum 
Genet 104(2):188–192. https ://doi.org/10.1007/s0043 90050 933

 9. Azaiez H, Yang T, Prasad S, Sorensen JL, Nishimura CJ, Kimber-
ling WJ, Smith RJ (2007) Genotype-phenotype correlations for 
SLC26A4-related deafness. Hum Genet 122(5):451–457. https ://
doi.org/10.1007/s0043 9-007-0415-2

 10. Bogazzi F, Russo D, Raggi F, Ultimieri F, Berrettini S, Forli F, 
Grasso L, Ceccarelli C, Mariotti S, Pinchera A, Bartalena L, 
Martino E (2004) Mutations in the SLC26A4 (pendrin) gene in 
patients with sensorineural deafness and enlarged vestibular aque-
duct. J Endocrinol Invest 27(5):430–435. https ://doi.org/10.1007/
BF033 45286 

 11. Berrettini S, Forli F, Franceschini SS, Ravecca F, Massimetti M, 
Neri E (2002) Distal renal tubular acidosis associated with iso-
lated large vestibular aqueduct and sensorineural hearing loss. 
Ann Otol Rhinol Laryngol 111(5 Pt 1):385–391. https ://doi.
org/10.1177/00034 89402 11100 501

 12. Berrettini S, Neri E, Forli F, Panconi M, Massimetti M, Ravecca 
F, Sellari-Franceschini S, Bartolozzi C (2001) Large vestibular 
aqueduct in distal renal tubular acidosis. High-resolution MR in 
three cases. Acta Radiol 42(3):320–322

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4274/balkanmedj.2017.0367
https://doi.org/10.1016/j.amjoto.2005.02.013
https://doi.org/10.1016/j.amjoto.2005.02.013
https://doi.org/10.1097/MLG.0b013e31818208ad
https://doi.org/10.1097/MLG.0b013e31818208ad
https://doi.org/10.1001/jamapediatrics.2017.0250
https://doi.org/10.1001/jamapediatrics.2017.0250
https://doi.org/10.1002/cii.416
https://doi.org/10.1002/cii.416
https://doi.org/10.1097/00005537-200501001-00001
https://doi.org/10.1007/s004390050933
https://doi.org/10.1007/s00439-007-0415-2
https://doi.org/10.1007/s00439-007-0415-2
https://doi.org/10.1007/BF03345286
https://doi.org/10.1007/BF03345286
https://doi.org/10.1177/000348940211100501
https://doi.org/10.1177/000348940211100501


2311European Archives of Oto-Rhino-Laryngology (2021) 278:2305–2312 

1 3

 13. Bogazzi F, Raggi F, Ultimieri F, Campomori A, Cosci C, Ber-
rettini S, Neri E, La Rocca R, Ronca G, Martino E, Bartalena 
L (2000) A novel mutation in the pendrin gene associated with 
Pendred’s syndrome. Clin Endocrinol 52(3):279–285. https ://doi.
org/10.1046/j.1365-2265.2000.00930 .x

 14. Campbell C, Cucci RA, Prasad S, Green GE, Edeal JB, Galer CE, 
Karniski LP, Sheffield VC, Smith RJ (2001) Pendred syndrome, 
DFNB4, and PDS/SLC26A4 identification of eight novel muta-
tions and possible genotype-phenotype correlations. Hum Mutat 
17(5):403–411. https ://doi.org/10.1002/humu.1116

 15. Choi BY, Stewart AK, Nishimura KK, Cha WJ, Seong MW, 
Park SS, Kim SW, Chun YS, Chung JW, Park SN, Chang SO, 
Kim CS, Alper SL, Griffith AJ, Oh SH (2009) Efficient molecu-
lar genetic diagnosis of enlarged vestibular aqueducts in East 
Asians. Genet Testing Mol Biomark 13(5):679–687. https ://doi.
org/10.1089/gtmb.2009.0054

 16. Smith RJH (2017) Pendred syndrome/nonsyndromic enlarged 
vestibular aqueduct. In: Ardinger HH, Pagon RA, et al. (eds) 
Adam MP. GeneReviews(®), Seattle

 17. Valvassori GE, Clemis JD (1978) The large vestibular aque-
duct syndrome. Laryngoscope 88(5):723–728. https ://doi.
org/10.1002/lary.1978.88.5.723

 18. Sennaroglu L, Saatci I (2002) A new classification for cochle-
ovestibular malformations. Laryngoscope 112(12):2230–2241. 
https ://doi.org/10.1097/00005 537-20021 2000-00019 

 19. Lai CC, Shiao AS (2004) Chronological changes of hearing 
in pediatric patients with large vestibular aqueduct syndrome. 
Laryngoscope 114(5):832–838. https ://doi.org/10.1097/00005 
537-20040 5000-00008 

 20. Fitoz S, Sennaroglu L, Incesulu A, Cengiz FB, Koc Y, Tekin M 
(2007) SLC26A4 mutations are associated with a specific inner 
ear malformation. Int J Pediatr Otorhinolaryngol 71(3):479–
486. https ://doi.org/10.1016/j.ijpor l.2006.11.022

 21. Merchant SN, Nakajima HH, Halpin C, Nadol JB Jr, Lee DJ, 
Innis WP, Curtin H, Rosowski JJ (2007) Clinical investigation 
and mechanism of air-bone gaps in large vestibular aqueduct 
syndrome. Ann Otol Rhinol Laryngol 116(7):532–541. https ://
doi.org/10.1177/00034 89407 11600 709

 22. King KA, Choi BY, Zalewski C, Madeo AC, Manichaikul 
A, Pryor SP, Ferruggiaro A, Eisenman D, Kim HJ, Niparko 
J, Thomsen J, Butman JA, Griffith AJ, Brewer CC (2010) 
SLC26A4 genotype, but not cochlear radiologic structure, 
is correlated with hearing loss in ears with an enlarged ves-
tibular aqueduct. Laryngoscope 120(2):384–389. https ://doi.
org/10.1002/lary.20722 

 23. Gopen Q, Zhou G, Whittemore K, Kenna M (2011) Enlarged 
vestibular aqueduct: review of controversial aspects. Laryngo-
scope 121(9):1971–1978. https ://doi.org/10.1002/lary.22083 

 24. Reyes S, Wang G, Ouyang X, Han B, Du LL, Yuan HJ, Yan 
D, Dai P, Liu XZ (2009) Mutation analysis of SLC26A4 in 
mainland Chinese patients with enlarged vestibular aqueduct. 
Otolaryngol Head Neck Surg Off J Am Acad Otolaryngol Head 
Neck Surg 141(4):502–508. https ://doi.org/10.1016/j.otohn 
s.2009.07.004

 25 Arjmand EM, Webber A (2004) Audiometric findings in chil-
dren with a large vestibular aqueduct. Arch Otolaryngol Head 
Neck Surg 130(10):1169–1174. https ://doi.org/10.1001/archo 
tol.130.10.1169

 26. Colvin IB, Beale T, Harrop-Griffiths K (2006) Long-term 
follow-up of hearing loss in children and young adults with 
enlarged vestibular aqueducts: relationship to radiologic 
findings and Pendred syndrome diagnosis. Laryngoscope 
116(11):2027–2036. https ://doi.org/10.1097/01.mlg.00002 
40908 .88759 .fe

 27. Valvassori GE (1983) The large vestibular aqueduct and asso-
ciated anomalies of the inner ear. Otolaryngol Clin North Am 
16(1):95–101

 28 Jackler RK, De La Cruz A (1989) The large vestibular aque-
duct syndrome. Laryngoscope 99(12):1238–1242. https ://
doi.org/10.1288/00005 537-19891 2000-00006 (Discussion 
1242–1233)

 29. Arcand P, Desrosiers M, Dube J, Abela A (1991) The large 
vestibular aqueduct syndrome and sensorineural hearing loss 
in the pediatric population. J Otolaryngol 20(4):247–250

 30. Antonelli PJ, Nall AV, Lemmerling MM, Mancuso AA, Kubilis 
PS (1998) Hearing loss with cochlear modiolar defects and large 
vestibular aqueducts. Am J Otol 19(3):306–312

 31. Grimmer JF, Hedlund G (2007) Vestibular symptoms in chil-
dren with enlarged vestibular aqueduct anomaly. Int J Pediatr 
Otorhinolaryngol 71(2):275–282. https ://doi.org/10.1016/j.ijpor 
l.2006.10.010

 32. Harker LA, Vanderheiden S, Veazey D, Gentile N, McCleary 
E (1999) Multichannel cochlear implantation in children with 
large vestibular aqueduct syndrome. Ann Otol Rhinol laryngol 
Suppl 177:39–43. https ://doi.org/10.1177/00034 89499 1080s 409

 33. Tsukamoto K, Suzuki H, Harada D, Namba A, Abe S, Usami S 
(2003) Distribution and frequencies of PDS (SLC26A4) muta-
tions in Pendred Syndrome and nonsyndromic hearing loss 
associated with enlarged vestibular aqueduct: a unique spectrum 
of mutations in Japanese. Eur J Hum Genet EJHG 11(12):916–
922. https ://doi.org/10.1038/sj.ejhg.52010 73

 34. Park HJ, Lee SJ, Jin HS, Lee JO, Go SH, Jang HS, Moon SK, 
Lee SC, Chun YM, Lee HK, Choi JY, Jung SC, Griffith AJ, Koo 
SK (2005) Genetic basis of hearing loss associated with enlarged 
vestibular aqueducts in Koreans. Clin Genet 67(2):160–165. 
https ://doi.org/10.1111/j.1399-0004.2004.00386 .x

 35. Choi BY, Madeo AC, King KA, Zalewski CK, Pryor SP, Mus-
kett JA, Nance WE, Butman JA, Brewer CC, Griffith AJ (2009) 
Segregation of enlarged vestibular aqueducts in families with 
non-diagnostic SLC26A4 genotypes. J Med Genet 46(12):856–
861. https ://doi.org/10.1136/jmg.2009.06789 2

 36. Pryor SP, Demmler GJ, Madeo AC, Yang Y, Zalewski CK, 
Brewer CC, Butman JA, Fowler KB, Griffith AJ (2005) Inves-
tigation of the role of congenital cytomegalovirus infection in 
the etiology of enlarged vestibular aqueducts. Arch Otolaryngol 
Head Neck Surg 131(5):388–392. https ://doi.org/10.1001/archo 
tol.131.5.388

 37. Li X, Zhou F, Marcus DC, Wangemann P (2013) Endolym-
phatic Na(+) and K(+) concentrations during cochlear growth 
and enlargement in mice lacking Slc26a4/pendrin. PLoS ONE 
8(5):e65977. https ://doi.org/10.1371/journ al.pone.00659 77

 38. Wangemann P (2013) Mouse models for pendrin-associated loss 
of cochlear and vestibular function. Cel Physiol Biochem Int J 
Exper Cel Physiol Biochem Pharmacol 32(7):157–165. https ://
doi.org/10.1159/00035 6635

 39. Johnsen T, Jorgensen MB, Johnsen S (1986) Mondini coch-
lea in Pendred’s syndrome. A Histol Study Acta Otolaryngol 
102(3–4):239–247. https ://doi.org/10.3109/00016 48860 91086 
73

 40. Sennaroglu L (2018) Another evidence for pressure transfer 
mechanism in incomplete partition two anomaly via enlarged 
vestibular aqueduct. Cochlear Implants Int 19(6):355–357. https 
://doi.org/10.1080/14670 100.2018.14899 38

 41. Mey K, Muhamad AA, Tranebjaerg L, Rendtorff ND, Ras-
mussen SH, Bille M, Caye-Thomasen P (2019) Association of 
SLC26A4 mutations, morphology, and hearing in pendred syn-
drome and NSEVA. Laryngoscope 129(11):2574–2579. https ://
doi.org/10.1002/lary.27319 

 42. Mey K, Bille M, Rye Rasmussen SH, Tranebjaerg L, Caye-
Thomasen P (2019) The natural history of hearing loss in 

https://doi.org/10.1046/j.1365-2265.2000.00930.x
https://doi.org/10.1046/j.1365-2265.2000.00930.x
https://doi.org/10.1002/humu.1116
https://doi.org/10.1089/gtmb.2009.0054
https://doi.org/10.1089/gtmb.2009.0054
https://doi.org/10.1002/lary.1978.88.5.723
https://doi.org/10.1002/lary.1978.88.5.723
https://doi.org/10.1097/00005537-200212000-00019
https://doi.org/10.1097/00005537-200405000-00008
https://doi.org/10.1097/00005537-200405000-00008
https://doi.org/10.1016/j.ijporl.2006.11.022
https://doi.org/10.1177/000348940711600709
https://doi.org/10.1177/000348940711600709
https://doi.org/10.1002/lary.20722
https://doi.org/10.1002/lary.20722
https://doi.org/10.1002/lary.22083
https://doi.org/10.1016/j.otohns.2009.07.004
https://doi.org/10.1016/j.otohns.2009.07.004
https://doi.org/10.1001/archotol.130.10.1169
https://doi.org/10.1001/archotol.130.10.1169
https://doi.org/10.1097/01.mlg.0000240908.88759.fe
https://doi.org/10.1097/01.mlg.0000240908.88759.fe
https://doi.org/10.1288/00005537-198912000-00006
https://doi.org/10.1288/00005537-198912000-00006
https://doi.org/10.1016/j.ijporl.2006.10.010
https://doi.org/10.1016/j.ijporl.2006.10.010
https://doi.org/10.1177/00034894991080s409
https://doi.org/10.1038/sj.ejhg.5201073
https://doi.org/10.1111/j.1399-0004.2004.00386.x
https://doi.org/10.1136/jmg.2009.067892
https://doi.org/10.1001/archotol.131.5.388
https://doi.org/10.1001/archotol.131.5.388
https://doi.org/10.1371/journal.pone.0065977
https://doi.org/10.1159/000356635
https://doi.org/10.1159/000356635
https://doi.org/10.3109/00016488609108673
https://doi.org/10.3109/00016488609108673
https://doi.org/10.1080/14670100.2018.1489938
https://doi.org/10.1080/14670100.2018.1489938
https://doi.org/10.1002/lary.27319
https://doi.org/10.1002/lary.27319


2312 European Archives of Oto-Rhino-Laryngology (2021) 278:2305–2312

1 3

pendred syndrome and non-syndromic enlarged vestibular aque-
duct. Otol Neurotol Off Publ Am Otol Soc Am Neurotol Soc Eur 
Acad Otol Neurotol 40(3):e178–e185. https ://doi.org/10.1097/
MAO.00000 00000 00214 0

 43. Rose J, Muskett JA, King KA, Zalewski CK, Chattaraj P, 
Butman JA, Kenna MA, Chien WW, Brewer CC, Griffith AJ 
(2017) Hearing loss associated with enlarged vestibular aque-
duct and zero or one mutant allele of SLC26A4. Laryngoscope 
127(7):E238–E243. https ://doi.org/10.1002/lary.26418 

 44. Jonard L, Niasme-Grare M, Bonnet C, Feldmann D, Rouillon I, 
Loundon N, Calais C, Catros H, David A, Dollfus H, Drouin-
Garraud V, Duriez F, Eliot MM, Fellmann F, Francannet C, 
Gilbert-Dussardier B, Gohler C, Goizet C, Journel H, Mom T, 
Thuillier-Obstoy MF, Couderc R, Garabedian EN, Denoyelle F, 

Marlin S (2010) Screening of SLC26A4, FOXI1 and KCNJ10 
genes in unilateral hearing impairment with ipsilateral enlarged 
vestibular aqueduct. Int J Pediatr Otorhinolaryngol 74(9):1049–
1053. https ://doi.org/10.1016/j.ijpor l.2010.06.002

 45. Azaiez H, Smith RJ (2007) In reference to temporal bone 
imaging in GJB2 deafness. Laryngoscope 117(6):1127. https 
://doi.org/10.1097/MLG.0b013 e3180 42172 9 (Author reply 
1127–1129)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1097/MAO.0000000000002140
https://doi.org/10.1097/MAO.0000000000002140
https://doi.org/10.1002/lary.26418
https://doi.org/10.1016/j.ijporl.2010.06.002
https://doi.org/10.1097/MLG.0b013e3180421729
https://doi.org/10.1097/MLG.0b013e3180421729

	Enlarged vestibular aqueduct and Mondini Malformation: audiological, clinical, radiologic and genetic features
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References




