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Abstract.
BACKGROUND: Menière disease (MD) and SLC26A4 related deafness (Pendred syndrome (PS) or DFNB4) are two
different inner ear disorders which present with fluctuating and progressive hearing loss, which could be a direct consequence
of endolymphatic hydrops.
OBJECTIVE: To present similarities between both pathologies and explore how the concept of hydrops may be applied to
PS/DFNB4.
METHODS: Review of the literature on MD, PS/DFNB4 and mouse model of PS/DFNB4.
RESULTS: MD and PS/DFNB4 share a number of similarities such as fluctuating and progressive hearing loss, acute episodes
with vertigo and tinnitus, MRI and histological evidence of endolymphatic hydrops (although with different underlying
mechanisms). MD is usually diagnosed during the fourth decade of life whereas PS/DFNB4 is congenital. The PS/DFNB4
mouse models have shown that biallelic slc26a4 mutations lead to Na+ and water retention in the endolymph during the
perinatal period, which in turn induces degeneration of the stria vascularis and hearing loss. Crossing clinical/imagery
characteristics and animal models, evidence seems to support the hypothesis of PS being a foetal hydrops.
CONCLUSIONS: When understanding PS/DFNB4 as a developmental hydrops, treatments used in MD could be reposi-
tioned to PS.
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1. Introduction

Menière’s disease (MD) and endolymphatic hy-
drops are both very frequently discussed topics in
the literature, although the underlying mechanisms
are still poorly understood. First described in 1938
by Hallpike and Cairns [24], endolymphatic hydrops
corresponds to a dilated endolymphatic sector within

∗Corresponding author: François SIMON, Hôpital Necker
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the inner ear, and is considered as a histological basis
for MD although it has also been found in other inner
ear diseases. In addition, it is still debated whether
endolymphatic hydrops is a cause or consequence of
MD. Genetics seem to play a role in some sporadic
and familial cases but are of a complex and polygenic
nature [19].

SLC26A4 mutations are the cause of two auto-
somal recessive diseases, which share the same
audiometric phenotype of progressive and fluctuat-
ing hearing loss (HL): Pendred syndrome (PS), a rare
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Table 1
Main differences and similarities between MD and PS/DFNB4

Differences Similarities

- Typical age of onset (MD in 40s; PS prelingual) - Fluctuating and progressive HL
- Typical long-term HL severity (MD: moderate HL; PS: profound

to severe)
- Acute HL episodes with vertigo and tinnitus
- Enlarged endolymphatic space on MRI
- Histological evidence of endolymphatic hydrops (cadaveric

studies in MD and mouse in PS)
- HL frequencies (MD: low-medium frequencies; PS: non-specific)
- CT-scan bony modifications (MD: normal; PS: EVA and Mondini)

EVA Enlarged vestibular aqueduct; HL Hearing Loss; MD Menière disease; PS Pendred Syndrome.

syndrome deafness associated with thyroid disorders
and DFNB4, an isolated deafness (SLC26A4 related
deafness hereinafter referred to as PS/DFNB4).
Recent studies on a mouse model of PS/DFNB4 have
shown evidence of endolymphatic hydrops which
could draw parallels with the better-known hydrops
described in MD patients. Both MD and PS/DFNB4
correspond to internationally defined entities, yet
may easily be confused with other types of fluctuating
HL of idiopathic origin. Thus, for the sake of clarity,
this paper will only discuss clinical presentations of
definite MD (as defined by the American Academy
of Otolaryngology-Head and Neck Surgery) and
PS/DFNB4 with confirmed biallelic SLC26A4 muta-
tions. The objective of this paper is to present
similarities between both entities and explore how the
concept of hydrops may be applied to PS/DFNB4.

2. Menière versus Pendred, similarities and
differences

MD and PS/DFNB4 are two different inner ear
disorders, which share a number of similarities and
differences as reported in Table 1.

MD, first described by Prosper Menière in 1861, is
the typical clinical example of hydrops. It has a very
strict clinical definition, which was recently updated
in 2015 [22]. Briefly, a patient must present with
two or more spontaneous episodes of vertigo, ranging
from 20 minutes to 12 hours long, with low to medium
frequency sensorineural HL and aural symptoms (tin-
nitus or aural fullness), which cannot be accounted for
by any other vestibular diagnosis. Symptoms which
do not exactly correspond to this definition may be
linked to endolymphatic hydrops and be considered
as probable or possible MD. MD may have very dif-
ferent presentations from one patient to the other,
but the key aspect is the fluctuating and progres-
sive HL which spans out over several years. Over
time, the HL worsens at all tested frequencies and
becomes constant, usually stabilizing between 50 and

70 dB. Symptoms are usually unilateral, but up to
half of patients present with bilateral symptoms, and
the majority have bilateral electrophysiological or
imagery anomalies (regardless of the contralateral ear
being symptomatic or not) [27, 43]. This is an adult’s
disease, with most cases diagnosed in the fourth or
fifth decade of life. Juvenile MD has been described
in case reports in the literature, but remains extremely
rare and linked to family history of MD [58]. The most
frequent diagnosis in the child is vestibular migraine
[61], but the clinical symptoms also resemble the rarer
PS/DFNB4.

Vaughan Pendred first described Pendred syn-
drome in 1896, reporting an Irish family with con-
genital deafness and thyroid goitre. The disease has
since then been linked to the SLC26A4 (or PDS) gene
which codes for the pendrin protein (Na+ indepen-
dent Cl−/Iodine/HCO3− exchanger) [15]. Biallelic
recessive mutation can cause DNFB4 isolated deaf-
ness or the Pendred syndrome when associated to
a goitre (10–20% of cases) and is estimated to be
responsible for 5–15% of congenital HL [1, 2, 17,
37, 42, 56]. The prevalence of SLC26A4 mutations
is higher in China (carry rate 2.02% I la popula-
tion of 2627 new-borns) [17]. Clinically, the same
triad can be found as in MD, with episodes of fluc-
tuating HL (although not specifically low to medium
frequencies), vertigo and tinnitus. An auditory bone-
gap can be found in low frequencies, probably
due to a third-window effect, but may as in some
MD patients be due to decreased stapes mobility
entailed by excessive endolymphatic pressure [51,
55, 64]. Symptoms vary from one patient to another,
with unilateral or bilateral HL, and severity at birth
ranging from cophosis to normal hearing. HL is how-
ever prelingual and progressive in the majority of
cases (50–60% and 70–90% respectively) [42, 44,
46, 56].

Concerning imagery, both vestibular disorders
show signs of increased endolymphatic volume,
although the aspect and mechanism are quite dif-
ferent. In MD, CT-scan is normal, MRI can show
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Fig. 1. MRI of hydrops in Menière disease. MRI 3D-FLAIR sequence 4h after intravenous gadolinium injection. Imagery of a patient with
right Menière disease. The MRI shows endolymphatic hydrops of vestibular and cochlear sectors in the right ear (and normal left ear). In the
inner ear, the perilymph appears in hypersignal and endolymph in hyposignal. A: arrow shows utricular hydrops. B: left-to-right arrow shows
cochlear hydrops; right-to-left arrow shows saccular hydrops. Curtesy from Michael Eliezer (Lariboisière Hospital, APHP, Paris, France).

Fig. 2. CT-scan and MRI of hydrops in Pendred syndrome. Imagery of a patient with Pendred syndrome, with bilateral enlarged vestibular
aqueduct (EVA), and cochlear incomplete partition type II (Mondini dysplasia). A: MRI T2 sequence, arrow shows the right EVA. B: CT-scan,
arrow showing the right EVA with the large bony canal. C: CT-scan showing right Mondini dysplasia in the cochlea (only two turns).

endolymphatic hydrops concerning both cochlear
and vestibular sectors (see Fig. 1), however saccular
hydrops seems to be one of the most reproducible
markers [3, 4, 39, 52, 57]. In PS/DFNB4, bilat-
eral enlarged vestibular aqueduct (EVA), containing
endolymph, is a constant feature in patients with bial-
lelic mutations and may sometimes be associated
with cochlear incomplete partition type II (Mondini
dysplasia), as shown in Fig. 2. Both malformations
can also be diagnosed on a CT-scan or MRI and are
often indicators of PS/DFNB4 that usually precede
genetic confirmation.

Vestibular function in MD is remarkable as there
is, in most cases, a dissociation between caloric tests
and vHIT [13, 25, 50]. This is probably due to the
fact that while endolymphatic hydrops distorts the
volume of the lateral semi-circular canal, thus induc-
ing caloric hyporeflexia, the semi-circular canals still
respond normally to high speed physiological stim-
ulation. In the later stages of MD, the proportion of
normal canal function (vHIT) and otolith function

(cVEMP and oVEMP) decrease [7, 13, 47]. Liter-
ature on the vestibular function in PS/DFNB4 is to
date very poor due to its rarity, one study reporting
canal paresis in 49% using caloric test [31]. Stud-
ies on EVA series (including PS/DFNB4 patients but
not specific to SLC26A4 mutations) report abnor-
mally low cVEMP (at 250 and 500 Hz) thresholds
and high amplitudes probably due to a third-window
effect [62–64].

3. Molecular genetics

Although PS/DFNB4 is mainly linked to the bial-
lelic SLC26A4 mutations, digenic mutations have
been reported involving FOX11 or KCNJ10 genes
[38]. Molecular genetics in MD, however, are less
well understood. The rarer familial form (6 to 9% of
MD cases) is a monogenic disorder and most families
have an autosomal dominant inheritance with incom-
plete penetrance and variable expressivity [41, 54].
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Compound heterozygous mutations in OTOG gene
have been reported in several unrelated families with
MD, suggesting a recessive inheritance pattern [48].
The majority of MD patients have a sporadic form,
not clearly linked to any specific genetic disorders.
Interestingly, sporadic MD does seem to be a poly-
genic condition and several sensorineural HL genes,
including some hypomorphic alleles in SLC26A4,
may contribute to the MD phenotype in sporadic
cases [5, 20, 21].

4. Animal models

Lacking any unique genetic background or uni-
versally accepted histopathological hypothesis, it
has been difficult to develop a specific animal
model of MD [19]. A large number of models
have been developed to try and mimic endolym-
phatic hydrops and fluctuating HL, usually requiring
surgical endolymphatic sac destruction (to reduce
endolymphatic resorption) or administration of med-
ication to increase endolymphatic production (such
as aldosterone) [12, 18, 26, 35]. These models rely
on artificial disruption of the endolymphatic home-
ostasis. PS/DFNB4, on the other hand, has been
clearly linked to a biallelic mutation of the SCL26A4
gene, and mouse models specific of this disease have
been recently developed to understand underlying
mechanisms.

It is first important to specify that in the mouse,
development of the inner ear occurs throughout the
perinatal period, starting at E9 (embryo day 9) with
the otic placode and ending with a final adult struc-
ture at P20 (20 days after birth), whereas the human
inner ear formation exclusively takes place during the
foetal life ranging from 23 days to 8 months, respec-
tively [23]. More precisely, key steps in mouse inner
ear development are as follows: opening of endolym-
phatic sac lumen at E10.5; opening of cochlear lumen
at E14.5; utricule and saccule are formed by E17; neu-
ronal elements continue to develop during a period
of differentiation and speciation from E17 to P7;
mature endolymph produced at P3; endolymphatic
potential matures from P7 to P15; with the onset of
auditory function generally at P12; as well as the
functional maturation of the vestibulo-ocular reflex
which occurs after the opening of the eye at P12 [6,
23, 59, 60].

The first slc26a4 mouse biallelic knock-out model
was developed in 1999 but showed a more severe
phenotype than in humans, with congenital complete

bilateral deafness and vestibular deficit behaviour.
Pendrin expression was first detected at E13 in the
duct and sac, and then at E15 in the utricule, sac-
cule and cochlea. Enlarged endolymphatic space was
demonstrated at E15 with secondary cochlea hair
cell and macula destruction from P7 to P45 [14, 16,
49]. Further studies reported that pendrin in itself
was not essential for hearing but defective pendrin
caused HL via secondary mechanisms such as the
degeneration, oxidative stress and macrophagic inva-
sion of the stria vascularis [30, 49, 60]. Pendrin was
demonstrated to be key in the endolymphatic home-
ostasis: lack of the Cl−/HCO3− exchanger pendrin
would decrease the endolymphatic pH as soon as
E15.5 and thereby increase Ca2+ and Na+ retention
(by reducing the current that drives Na+ reabsorp-
tion through Na+ channels in the endolymphatic sac)
[32, 33, 36]. Increased Na+ endolymphatic concen-
tration would in turn induce reduced endolymphatic
potential and retain water creating endolymphatic
hydrops. Finally, the mechanical effect of endolym-
phatic hydrops and increased cellular stress would
entail cochlea stria vascularis degeneration around
P10 (no data available for the vestibular system) [53,
59]. Other mice models have been developed with
similar results, also showing a decreased amount of
otoconia and giant or ectopic otoconia probably due
to the altered endolymphatic calcium homeostasis
[10, 11, 40]. Histological exploration and imagery
of these mice models clearly showed endolymphatic
hydrops.

Studies of the pendrin action timeframe were con-
ducted on a dox-dependent mouse knock-out model,
developed in 2011[8]. It was shown that absence of
expression slc26a4 expression (no pendrin) before
E16.5 or after P2 did not alter auditory brainstem
responses (ABR) in these mice. However, absence
of slc26a4 expression between E16.5 and E18.5
led to a decreased endolymphatic potential and pH,
although with normal ABR. Finally, absence of
slc26a4 expression between E18.5 and P2 entailed a
more severe state with abnormal ABR [8]. From these
results, a model reproducing the human cochlea-
vestibular phenotype of PS/DFNB4 was developed,
with slc26a4 expression deactivated from E17.5 to
P2, leading to fluctuating abnormal ABR and a pro-
gressive hearing loss at 6 months (vestibular function
was not assessed) [28]. From this model, hypoth-
esis was drawn that the pendrin expression in the
endolymphatic sac would be necessary in the mouse
to allow acquisition of normal hearing in the perinatal
period [29, 45].
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5. A foetal hydrops

PS/DFNB4 in the mouse model seems to be
secondary to modification of endolymphatic fluid
absorption in the developing inner ear. Although the
exact molecular mechanisms may differ in human
PS/DFNB4, the process is probably comparable. The
timing of these events in the human inner ear is
unknown, but by comparing the timetable of mouse
and human ear development, we may suppose they
could take place during the human foetal and early
postnatal life, with the most sensitive moment (corre-
sponding to the mouse perinatal period) taking place
in a 3 to 4-month-old foetus, well before birth [23].
Although gene therapy seems promising [9, 34], this
timing causes great difficulties, first in terms of diag-
nostic opportunities, and then of treatment strategies.

Crossing results from the animal model with chil-
dren’s imagery, we could hypothesise that foetal en-
dolymphatic hydrops, may induce inner ear bulging
before cranial ossification occurs, thus rendering the
cochleo-vestibular malformations visible on the CT-
scan at birth. This foetal hydrops may be already
advanced at birth, with congenital bilateral copho-
sis, in which case management would have to rely
(as it does today) on auditory rehabilitation such
as cochlear implant. In the cases where congenital
hydrops is associated with residual to normal hear-
ing, specific treatment, yet to be developed, may
become key: on one hand, gene therapy or inner
ear medication (research on animal models) and on
the other hand, repositioning of established hydrops
treatment (currently used in MD) to treat fluctuating
episodes.

6. Conclusion

- MD and PS/DFNB4 are two different inner ear
disorders linked to endolymphatic hydrops.

- MD is more common and its literature abundant
whereas PS/DFNB4 remains poorly described,
especially its vestibular characteristics.

- The main common feature is fluctuating and pro-
gressive HL.

- PS/DFNB4 mouse models have helped identify
the role of pendrin and how biallelic slc26a4
mutation lead to Na+ and water retention in the
endolymph.

- Parallels may be drawn between mechanisms
highlighted in the mouse PS/DFNB4 model and
physiopathological hypothesis in MD.

- Mutations in sensorineural HL genes, including
SLC26A4, may contribute to MD phenotype.

- PS/DFNB4 could be understood as a devel-
opmental hydrops and thus, benefit from MD
knowledge and therapies
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and E. Hietikko, Whole-exome sequencing suggests mul-
tiallelic inheritance for childhood-onset Ménière’s disease,
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