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Abstract
Purpose  We reviewed the genotypes and the imaging appearances of cochleae in CHARGE patients from two large tertiary 
centres and analysed the observed cochlear anomalies, providing detailed anatomical description and a grading system. The 
goal was to gain insight into the spectrum of cochlear anomalies in CHARGE syndrome, and thus, in the role of the CHD7 
gene in otic vesicle development.
Methods  We retrospectively reviewed CT and/or MR imaging of CHARGE patients referred to our institutions between 2005 
and 2022. Cochlear morphology was analysed and, when abnormal, divided into 3 groups in order of progressive severity. 
Other radiological findings in the temporal bone were also recorded. Comparison with the existing classification system of 
cochlear malformation was also attempted.
Results  Cochlear morphology in our CHARGE cohort ranged from normal to extreme hypoplasia. The most common pheno-
type was cochlear hypoplasia in which the basal turn was relatively preserved, and the upper turns were underdeveloped. All 
patients in the cohort had absent or markedly hypoplastic semicircular canals and small, misshapen vestibules. Aside from 
a stenotic cochlear aperture (fossette) being associated with a hypoplastic or absent cochlear nerve, there was no consistent 
relationship between cochlear nerve status (normal, hypoplasia, or aplasia) and cochlear morphology.
Conclusion  Cochlear morphology in CHARGE syndrome is variable. Whenever the cochlea was abnormal, it was almost 
invariably hypoplastic. This may shed light on the role of CHD7 in cochlear development. Accurate morphological descrip-
tion of the cochlea contributes to proper clinical diagnosis and is important for planning surgical treatment options.

Keywords  CHARGE · CHD7 · Cochlea · Inner ear · Temporal bone

Introduction

CHARGE (coloboma, heart defects, choanal atresia, 
growth restriction, genital abnormalities and ear abnor-
malities) syndrome is a rare congenital disorder which is 
associated with substantial morbidity, and, rarely, mortal-
ity [1, 2]. Considering aetiology, there is a strong genetic 
component, with 90–95% of cases meeting Blake’s or 
Verloes’ diagnostic criteria, related to a mutation in the 
CHD7 gene [3–5]. This gene encodes a protein involved 
in chromatin remodelling, which is pivotal in many devel-
opmental pathways [6, 7]. Disruption of this protein leads 
to a particular disturbance of neural crest development, 
which is believed to underpin the most significant manifes-
tations of the syndrome [8, 9]. Interestingly, an extremely 
wide range of mutations have been identified (> 1000), 
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most of which occur de novo and are found throughout 
the gene with the exception of exon 1 and the 3′ terminal 
end of exon 38. Most pathogenic variants are frameshift 
or nonsense and hence associated with haploinsufficiency. 
A smaller proportion is missense variants, which may be 
harder to classify and the mechanism of pathogenicity less 
clearly established [4, 10]. As such, it has been suggested 
that different variants in CHD7 should be incorporated 
into the major diagnostic criteria [11].

Although there are common phenotypic features of 
CHARGE important for diagnosis [2, 5], variability in end 
organ involvement is increasingly recognised, which may 
have implications for management and outcome. Some 
studies have suggested that more severe clinical presenta-
tions of CHARGE syndrome are associated with variants 
that cause haploinsufficiency, with mild cases more likely 
to be seen with missense variants, potentially due to a 
hypomorphic allele [3]. Radiological studies can identify 
and allow for detailed depiction of specific phenotypic 
manifestation in each individual patient with CHARGE, 
and are therefore a powerful tool in contributing to pre-
cision management. Analysing and comparing imaging 
features among a large population of CHARGE patients 
may also provide insight into the pathogenesis of some of 
these features.

With regard to the temporal bone, morphological abnor-
malities and variability in CHARGE patients have been 
previously characterised in multiple studies using both CT 
and MRI [12–15]. The constellation of findings of cochlear 
hypoplasia and total or near-total absence of the semicircular 
canals is sensitive and specific for CHARGE syndrome [15]. 
In particular, semicircular canal (SCC) aplasia is considered 
a hallmark of CHARGE syndrome, in accordance with the 
fact that CHD7 is highly expressed in the developing ear and 
is required for SCC development [16, 17].

Appropriate classification of cochlear malformations is 
important for the management of sensorineural deafness, in 
both providing prognostic information and planning coch-
lear implantation [18]. Investigation into the range of coch-
lear malformations in CHARGE has been limited, but is 
important in light of the updated classification system for 
inner ear malformations that has linked management recom-
mendations related to the feasibility and efficacy of cochlear 
implantation [19, 20]. More precise phenotypical description 
of the cochlea in CHARGE may also contribute to better 
understanding of the role of CHD7 in cochlear development 
[21, 22].

The aim of this article is to characterise the range of 
cochlear malformations in a large population of patients 
with confirmed CHARGE syndrome. A secondary aim is 
to gain insight into the role of CHD7 in inner ear devel-
opment through observation of the spectrum of cochlear 
malformations.

Materials and methods

From a prospectively maintained database, we retrospec-
tively reviewed CT and (when available) MR imaging for 
patients referred to two institutions between 2005 and 2022 
with a clinical and/or genetic diagnosis of CHARGE syn-
drome. This study was approved by the institutional review 
board/ethics committee of each institution. The need for 
informed consent was waived due to the retrospective nature 
of this work.

Inclusion criteria for the diagnosis of CHARGE syn-
drome were based on the criteria set forth by Verloes et al. 
[3–5]. In addition, a proportion of these patients had con-
firmed mutations in CHD7.

Imaging evaluation

Given the multi-site design and retrospective nature of the 
study, CT and MR imaging protocols were variable, and 
therefore, not all structures were completely evaluated in all 
patients (in part dependent on whether CT and/or MRI was 
available), which is reflected in the final data.

Imaging studies from 26 patients were reviewed in con-
sensus by 3 neuroradiologists, two of them with subspecialty 
expertise in paediatric head and neck imaging.

Each ear was evaluated for CT and/or MR imaging fea-
tures of CHARGE syndrome, with a focus on cochlear 
morphology. A general assessment of the extra-temporal 
structures visible on those imaging studies, including the 
eyes, olfactory system, face, skull base and brain, was also 
performed. Non-neurological manifestations were mined 
from patient notes in chart review.

Cochlea

We attempted to classify the cochleae within our patient popula-
tion according to the current morphological classification sys-
tem of cochlear hypoplasia (CH) by Sennaroglu et al. [19, 20]. 
However, during the analysis of the cochlear phenotypes in our 
cohort, it was clear that fitting these cochleae into the 4 discrete 
groups described in that classification system was challenging, 
given that the CHARGE cochleae spanned a continuous spec-
trum of morphologic disturbance, and varied in the manner in 
which they were underdeveloped and hypoplastic. As such, we 
opted for a descriptive morphological grouping, and we graded 
each cochlea based on its degree of deviation from a normally 
developed cochlea.

This is in accordance with the known fact that the current 
classification scheme is a simplification designed to facilitate 
stratification of patients for determination of cochlear implant 
feasibility and does not encompass nor reflect the entire 
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spectrum of cochlear anomalies, including several inner 
ear malformations with known genetic causes such as the 
unwound cochlea in EYA1 mutation-associated branchiooto-
renal syndrome, the type of hypoplastic cochlea associated 
with SOX10 mutation, or the distinctive type of hypoplastic 
cochlea observed in Walker-Warburg syndrome [23–25].

In our patient cohort, the size of the cochlea was measured 
in the coronal plane (cochlear height: maximal height of the 
cochlea on a coronal plane perpendicular to the oval window) 
to determine whether there was cochlear hypoplasia [26]. 
If cochlear hypoplasia was present, the type was recorded 
according to our descriptive categories, detailed below.

Retrospective review of our cohort revealed 4 cochlear 
phenotypes:

1.	 Normal size and normal contour of all the turns of the 
cochlea, with or without dysmorphism of the modiolus 
and stenotic cochlear aperture (Fig. 1A)

2.	 Normal complete basal turn, with a complete 360° turn 
that is normal in contour and calibre, but a hypoplas-
tic upper part of the cochlea; we designated this as the 
“mild” phenotype (Fig. 1B and C). This is similar to the 
description of CH type 4 by Sennaroglu and colleagues

3.	 Normal first half of the basal turn (180°) but incomplete 
or dysmorphic second half of the basal turn, resulting in 
a “truncated” appearance of the basal turn, and a hypo-

plastic upper part of the cochlea; we designated this as 
the “moderate” phenotype (Fig. 1 D and E)

4.	 Abnormal/dysmorphic (most often dilated) appearance 
of the first half of the basal turn, and minimal or no 
second half of the basal turn, with the remainder of the 
upper part of the cochlea not recognizable; we desig-
nated this as the “severe” phenotype (Fig. 1F)

Other radiological abnormalities

Vestibular system  For all the imaging studies in our cohort, 
we recorded whether the lateral semicircular canal was 
absent, the posterior/superior semicircular canals were 
absent or bud-like, and the vestibule was present/dysplastic. 
The size of the vestibular aqueduct was recorded as normal 
or enlarged with criteria based on current literature [27].

Middle ear  The ossicles were recorded as normal, mal-
formed (abnormal morphology or size) or fused (ankylosis 
to the wall of the epitympanum and/or interossicular insepa-
rability). The stapes footplate was recorded as normal or 
misshapen. Atresia/absence of the oval and round windows 
was recorded when the aperture was narrow or completely 
stenotic.

Fig. 1   Axial CT images of representative cochleae along the spec-
trum of morphological disturbance encountered in patients with 
CHARGE syndrome in our cohort. A Normal size and normal exter-
nal contour of the cochlea with all turns present, and only a mis-
shapen, thickened modiolus (black arrow). The cochlear aperture is 
stenotic. B, C ”Mild” phenotype: the entire basal turn is normal with 
a complete 360° turn, and hypoplastic upper part of the cochlea (red 

arrows). D, E “Moderate” phenotype: normal first half of the basal 
turn (blue arrowhead in E), partially present second half of the basal 
turn showing a “truncated” appearance (curved blue arrow in D) and 
small upper cochlea (yellow arrow in D). F “Severe” phenotype: only 
a partial portion of the basal turn is present, and it is dysmorphic and 
dilated (short blue arrow); the upper part of the cochlea is not well 
developed and dysmorphic
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Facial nerve  The path of the facial nerve canal was recorded 
as normal, absent, or aberrant, with the course evaluated on 
CT and/or MRI. When MRI was available, aplasia/hypo-
plasia of the cisternal or canalicular portion of the facial 
nerve was recorded.

Venous drainage  Persistent petrosquamous sinus (PPS) is 
defined as an emissary vein coursing from the dorsolateral 
sinus to the confluence with the superior petrosal sinus [28]. 
When this direct vascular channel was not seen, but there 

were other small veins, they were recorded as emissary 
veins.

Extra‑temporal structures  Based upon previously reported 
associations with CHARGE syndrome, notable extra-tem-
poral structures recorded were choanal atresia, chorioretinal 
coloboma, olfactory bulb hypoplasia, vermian/pontine hypo-
plasia, and craniofacial abnormalities [13]. The assessment 
of the clivus was not possible because of the limited field of 
view of the CT scans.

Table 1   Entire spectrum 
of the cochlear phenotypes 
with genetic mutation (where 
available) and severity of the 
phenotype

Case CHD7
Muta�on

Right Ear Le� Ear Cochlear
Phenotype

GOS
H01

Not available Bilaterally:
full basal
turn.
Hypoplas�c
apical turn.
Symmetrical.
There is a

misshapen
modiolus
and cochlear
aperture
stenosis
Moderate
phenotype

GOS
H02

CHD7 Right: dilated
FHBT,
markedly
hypoplas�c
upper
por�on.
Le�: full
basal turn.
Asymmetrical

Moderate (L)
severe (R)
phenotype
Hypoplas�c/
absent
cochlear
nerve
bilaterally.

GOS
H03

Not available Symmetrical
Only the
FHBT is
present and
slightly
dysmorphic
Severe
phenotype
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Results

Overall, we evaluated 52 ears from 26 patients (12 males, 
14 females) with a clinical and/or genetic diagnosis of 
CHARGE syndrome. Eight patients underwent CT and 

18 underwent both CT and MR imaging. The mean age of 
the patients was 5.9 years (min: 9 days; max: 12 years).

CHD7 mutation reports were available for 10 patients. 
Nine patients had stop or frameshift mutations consistent 
with loss of CHD7 function; 1 had a splice site mutation 

Table 1   (continued)

GOS
H04

Not available Right:
abnormal
orienta	on,
the FHBT is
present but
the basal
turn is
incomplete.
Le�: normal.
Asymmetrica
l.
Unilateral
(right)
severe
phenotype.
Right: absent
cochlear
nerve

GOS
H05

c.3990-2A>G
splice
acceptor site
exon 17

Right:
complete
basal turn.
Le�:
truncated
second half.
Asymmetrica
l.
Mild
phenotype
(R ),
moderate (L)
Both
cochlear
nerves not
visualised

GOS
H06

c.3030dupA;
p.(Tyr1011Ile
fsX42)

Bilaterally
FHBT normal
but second
half of the
basal turn is
truncated.
There is
cochlear
aperture
stenosis.
Symmetrical
Moderate
phenotype

823Neuroradiology (2023) 65:819–834
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(c.3990-2A > G) that it is predicted to abolish normal splic-
ing between intron 16 and 17.

Cochlear phenotype (Table 1)

Of the 52 cochleae, 9 (4 bilateral and 1 unilateral) had 
normal external contours (17%), with only mild dysmor-
phism (evaluated subjectively since there are no reliable 
measurements available in literature) of the modiolus in 2 

patients (bilateral) and otherwise normal size and number 
of turns. The other cochleas were hypoplastic (cochlear 
height < 4.3 mm; range 3.4–4.0).

Seven patients (14/52 cochleae, 27%) had asymmetrical 
cochlear appearances.

The mild cochlear hypoplasia phenotype was by far the 
most common morphology, found in 32/52 cochleae (61%) 
and characterised by a normal complete 360° basal turn and 
hypoplastic upper part of the cochlea.

Table 1   (continued) GOS
H07

Not available Right: dilated
FHBT and
extremely
small apical
part.
Le�: normal
basal turn,
hypoplas�c
apical part.
Asymmetrica
l.
Severe
phenotype
(R), mild
phenotype
(L)
Right absent
VIII nerve,
le� VIII
present, but
cochlear
branch not
visualised.

GOS
H08

c.469C>T;
p.(Arg157*)

Normal
basal turn,
hypoplas�c
apical part.
Symmetrical.
Mild
phenotype.
cochlear
nerve
present
bilaterally.

GOS
H09

c.2948G>A;
p.(Trp983*)

Normal basal
turn,
hypoplas�c
apical part.
Symmetrical.
Mild
phenotype.
Le� cochlear
nerve is

824 Neuroradiology (2023) 65:819–834
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Five/52 (9.6%) demonstrated a moderate phenotype, 
characterised by preserved first half of the basal turn 
(180°) with partially present second half of the basal 
turn, resulting in a “truncated” appearance of the basal 
turn, and hypoplastic upper part of the cochlea. Only one 
patient had bilateral moderate phenotype; the others had 
moderate phenotype on one side and mild phenotype on 
the contralateral side.

Six cochleae (6/52, 11.5%) showed severe hypoplasia 
phenotype (first half of the basal turn present but dysmor-
phic, minimal or no upper part of the cochlea appreciable).

MRI imaging was available for 18 patients, which allowed 
better definition of the internal cochlear partitioning and 
direct assessment of the nerves with the following results: 
29 absent or hypoplastic cochlear nerves (1 with additional 
vestibular nerve absence), and 1 absent facial nerve.

Table 1   (continued) absent, right
is present.

GOS
H10

c.1480C>T;
p.(Arg494*)

Right:
Complete
basal turn
Le :
truncated
second half
on the le .
Asymmetrica
l.
Mild
phenotype
(Right),
moderate
(Le�)
Bilateral
cochlear
nerve
hypoplasia.

GOS
H11

c.5833C>T;
p.(Arg1945*)

Right:
Complete
basal turn.
Le :
truncated
second half
on the le .
There is
cochlear
aperture
stenosis.
Asymmetrica
l.
Mild
phenotype
(R ),
moderate (L)
Bilateral
cochlear
nerve
hypoplasia.

825Neuroradiology (2023) 65:819–834



1 3

In cases where MRI was available, there was no clear or 
consistent relationship between the cochlear phenotype and 
the presence or absence of the cochlear nerve (apart from 
the cochlear aperture stenosis associated with cochlear nerve 
hypoplasia or aplasia), stressing the important role of MRI 
in cochlear implant planning.

The prevalence of aberrant facial nerves among our cohort 
was high, either bowed or having a horizontal orientation.

All our patients demonstrated complete or near-com-
plete aplasia of the semicircular canals and small mis-
shapen appearance of the vestibule, pathognomonic of 
CHARGE, despite having different degrees of cochlear 

Table 1   (continued)

GOS
H12

Not available Right:
Complete
basal turn.
Le�: only a
dysmorphic
proximal
basal turn on
the le�.
Asymmetrica
l.
Mild
phenotype
(R ), severe
(L)
Cochlear
nerve
hypoplas�c
on the right
and absent
on the le�.

GOS
H13

C.6392_6393
del;
p.(Phe2131C
ysfs*8)

Bilateral
complete
basal turn.
Symmetrical.

There is
misshapen
modiolus
and cochlear
aperture
stenosis.
Mild
phenotype
Bilateral
cochlear
nerve
absence,

GOS
H14

Need to
check wrong
no

Bilateral
complete
basal turn.
There is
cochlear
aperture
stenosis.
Symmetrical.

826 Neuroradiology (2023) 65:819–834
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hypoplasia (Fig. 2). Other temporal bone and extra tem-
poral findings are summarised in Table 2.

Summary of temporal bone findings

In descending order of frequency, the most common find-
ings were:

1.	 Vestibular system involvement: aplasia or marked dys-
plasia of the semicircular canals (52/52 inner ears), 
invariably associated with a misshapen vestibule

2.	 Malformed/abnormally orientated long and lenticular 
processes of incus and misshapen stapes with associated 
oval window atresia (51/52 inner ears; associated with 
epitympanic hypoplasia in 35/52 inner ears and fusion 

Table 1   (continued) Mild
phenotype
Normal
cochlear
nerve

GOS
H15

Not available Bilateral
complete
basal turn.
There is
misshapen
modiolus
and cochlear
aperture
stenosis
Symmetrical.

Mild
phenotype
Bilateral
cochlear
nerve
absence,

GOS
H16

c.3106C>T;
p(Arg1036*)

Bilateral
complete
basal turn.
Symmetrical.

Mild
phenotype
Cochlear
nerve
hypoplas�c
on the right
and not
visualized on
the le�.

GOS
H17

Not available Bilateral
complete
basal turn.
Symmetrical.

Mild
phenotype
Cochlear
nerve
visualised
bilaterally.
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of the head of the malleus to the anterior epitympanic 
wall in 18/52 inner ears)

3.	 Cochlear hypoplasia (as described above)
4.	 Cochlear nerve hypoplasia/aplasia 29/40 ears
5.	 Emissary veins 18/52 temporal bones

Discussion

Here, we describe and expand upon the range of cochlear 
and other temporal bone findings seen in a paediatric popu-
lation with clinical and/or molecularly confirmed CHARGE 
syndrome. To our knowledge, this is also one of the largest 
cohorts with combined CT/MRI imaging of the temporal 
bone and membranous labyrinth.

Inner ear development is a complex process involving 
precise temporal and spatial interaction of many different 

genes. In mammals, the inner ear develops from ectodermal 
tissue that gives rise to the otocyst. The dorsolateral otocyst 
forms the vestibular components of the ear including the 
semicircular ducts, utricle, endolymphatic duct and saccule. 
The ventromedial otocyst gives rise to the auditory cochlea. 
These are innervated respectively by the vestibular and spiral 
ganglia.

CHD7 is a chromatin remodelling protein involved in the 
epigenetic regulation of gene expression. Its role in inner ear 
development is not well understood, but it is known to be 
expressed in the developing mammalian otocyst and in the 
cochlea. It is thought to regulate neural crest gene expression 
and migration, ultimately controlling cochlear development, 
patterning and hair cell organisation [29, 30].

As in previous series, the findings seen in our cohort of 
CHARGE syndrome patients were variable in frequency, 
reflecting the phenotypic variation also reported [14]. 

Table 1   (continued) Cas
e

Gene Right Ear Le� Ear Classifica

on

MEE
I1

c.6292C>T
p.(Arg2098*),
EXON 31,
CHD7

Bilateral
abnormal
modiolus
.
Otherwis
e normal
cochlea .
Le�
cochlear
aperture
stenosis.
Right
cochlear
nerve
present,
le�
cochlear
nerve
absent

MEE
I2

Not available Bilateral
complete
basal
turn.
Symmetri
cal.
Mild
phenoty
pe

MEE
I3

Not available Bilateral
complete
basal
turn.
Symmetri
cal.
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Previous studies comparing temporal bone findings between 
truncated and non-truncated CHD7 mutations [15] did not 
demonstrate significant genotype–phenotype correlation; 
however, there was a trend toward more severely dysmorphic 
cochlear phenotypes in patients with truncating mutations.

A variety of cochlear phenotypes were found in the 9 
cases among our cohort that had loss of function muta-
tions. These ranged from mild to severe, suggesting that 
there is not one unique and consistent loss of function 
cochlear phenotype. The lack of missense CHD7 mutations 

Table 1   (continued) Mild
phenoty
pe

MEE
I4

c.8509delG;
p.(Glu2837Lysf
sX52)

Normal,
Symmetri
cal.

MEE
I5

Not available Bilateral
complete
basal
turn.
There is
misshape
n
modiolus
and
cochlear
aperture
stenosis
Symmetri
cal.
Mild
phenoty
pe
Bilateral
cochlear
nerve
absence,

MEE
I6

Not available Bilateral
complete
basal
turn.
Symmetri
cal.
Mild
phenoty
pe
Bilateral
cochlear
nerve
absence,

MEE
I7

CHD7 Bilateral
complete
basal
turn.
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in this study cohort precludes further comment on geno-
type phenotype correlation in that setting. Importantly, our 
cohort had a very high prevalence of molecularly con-
firmed CHARGE syndrome, reinforcing the increasing 
importance of molecular testing and confirmation as one 
component among the major criteria for the diagnosis of 
CHARGE [11].

Among our cohort, cochlear hypoplasia was highly asso-
ciated with an abnormal course of the facial nerve canal, 
concordant with existing literature [31].

As in previous series in the literature, bilateral hypo-
plasia of the vestibule (appearing as a small, misshapen 
structure); aplasia of the SCCs; malformation of the mid-
dle ear ossicles, particularly the stapes footplate and oval 
window atresia were extremely frequent and are defin-
ing features of CHARGE. In fact, it has been shown in 
animal models that chd7 is particularly important in the 
development of the semicircular canals, which are absent 
in the vast majority of these CHARGE patients. This 
is probably due to the prominent polarisation of CHD7 
expression toward the posterior aspect of the developing 
otocyst [32–34].

Compared to previous reports, the presence of cochlear 
malformations in our series was high (43/52), suggesting 

an important role of CHD7 also in cochlear development 
[13–15]. However, variability in the severity of dysmor-
phism and the resultant range of cochlear phenotypes sug-
gest a different expressivity of this gene in the anterior devel-
oping otocyst. This is an opposite scenario when compared 
to other conditions such as EYA1 mutation or Walker-War-
burg syndrome, where the cochlea is profoundly abnormal 
(hypoplastic and with anterior offset) while the posterior 
aspect of the otic capsule (vestibule and semicircular canals) 
is relatively preserved.

Combining information related to gene anomalies 
(detectable on genetic analysis) and morphologic pheno-
types (detectable on imaging) is critical to deepening our 
understanding of the roles of specific genes that regulate otic 
vesicle development at different time points during embryo-
logical development.

Cochlear hypoplasia in CHARGE patients

Previous series used variable and sometimes inconsistent 
terminology to describe cochlear abnormalities, including 
Mondini malformation, cochlear aplasia/dysplasia, fused 
turns, reduced number of coils, incomplete partition and 
malformations of modiolus [12–14].

Table 1   (continued) Symmetri
cal.
Mild
phenoty
pe

MEE
I8

Not available Bilateral
normal
cochleae.

Symmetri
cal.

MEE
I9

Not available Bilateral
abnormal
modiolus
.
Otherwis
e, normal
cochleae.

Le�
cochlear
nerve
present,
right
cochlear
nerve
absent

FHBT first half basal turn

830 Neuroradiology (2023) 65:819–834
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We demonstrate that cochlear malformations associated 
with CHD7-mutated CHARGE are almost universally within 
the spectrum of cochlear hypoplasia abnormalities, ranging 
from normal to severe phenotype, and are likely to lie along 
a continuum rather than in discrete groups [19, 20].

Mild phenotype is the most prevalent malformation seen, 
which has important implications in elucidating the time 
of arrest of embryogenesis of the inner ear in CHARGE, 
thought to lie between 6 and 8 weeks, during which the basal 
turn is completely developed [35, 36]. The developing coch-
lea begins with a bud, with progressive elongation and turn-
ing of the coils; thus, an arrest of inner ear embryogenesis 
after 8–10 weeks may result in a relatively preserved basal 
turn; however, the precise timing of development of the dif-
ferent portions of the cochlea remains controversial in the 
literature [37, 38].

In addition, it seems that the first half of the basal turn 
(180°) is the most preserved cochlear structure in genetic 
causes of cochlear malformations (not only in CHARGE 
but also in branchiootorenal syndrome and Walker-Warburg 
syndrome [23, 25]).

In our cohort, we demonstrated a substantial number of 
bilateral but asymmetrical cochlear hypoplastic findings 
(26%). This is important from a diagnostic perspective, 
because, while symmetrical anomalies are almost always 
genetic in nature, asymmetrical inner ear malformations can 
be seen in both genetic causes and prenatal insults [24, 39]. 
This may support the hypothesis that genetic mutations may 
modify environmental factors (such as blood supply to the 
otic vesicle) necessary for ear development [40].

Precise description of the morphology of the cochlea is 
of critical importance as the size, shape, and orientation of 
the cochlea may influence the choice of cochlear implant 
type [41].

Experimental murine models

Our findings should be seen in light of recent molecular/cel-
lular insights into the function of chd7 in the development 
of the inner ear in mice models [30, 42]. Briefly, chd7 has 
been demonstrated to play an important role in neurogenesis 
in both the brain and inner ear, particularly spiral ganglion 

Fig. 2   MRI appearances of the cochleae and vestibule/semicircu-
lar canals in 3 CHARGE patients with different degrees of cochlear 
hypoplasia (CH). A Mild phenotype: the first half of the basal turn 
is present and normal, the second half of the basal turn is complete 
with well-visualized basilar membrane/osseous spiral lamina com-
plex (thin arrow), the upper part of the cochlea is hypoplastic (thick 
arrow). B Moderate phenotype: the first half of the basal turn is 
present and normal; the second half of the basal turn is present but 

incomplete (thin arrow). Note the very hypoplastic upper part of 
the cochlea (thick arrow). C Severe phenotype: only the first half of 
the basal turn is present (thin arrow) with almost completely absent 
remainder of the cochlea. Note the narrow internal auditory canal 
(thick arrow). MR images in the lower row (D, E, F from the same 
patient as the respective image in the upper row) show dysmorphic 
appearance of the vestibules and absent semicircular canals (double 
arrows)
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neurons and apparatus pertinent to inner ear hair cell func-
tion. [43, 44]. chd7 homogeneous mutants undergo rapid 
degeneration of inner hair cells when subjected to an exter-
nal insult such as loud noise or ototoxicity. In this sense, 
chd7 may have a role in maintaining an epigenetic state that 
allows a balanced response when exposed to oxidative stress, 
and a mutation may result in an inability of these cells to 
survive postnatally [45, 46]. chd7 heterogeneous mutants 
demonstrate equally severe malformation phenotypes, but 
at a reduced frequency. Transcriptive data reveal that spiral 
ganglion neurons can be divided into molecularly distinct 
subtypes, which may have altered susceptibility to neuro-
degeneration caused by chd7 deletion [47]. chd7 function 
is critical during early embryonic development long before 
hair cell/neuronal degeneration occurs, having a significant 
effect on multiple developmental pathways, particularly neu-
ral crest cells, in its action in remodelling chromatin [8, 9].

All this information suggests that alteration in CHD7 
likely results in sensorineural hearing loss by two 

pathogenetic pathways in CHARGE patients. CHD7 deter-
mines anatomical forms initially and epigenetic regula-
tion of hair cell function postnatally. Both have implica-
tions for cochlear implantation planning, from anatomical 
and tonotopic standpoints. This also plausibly provides a 
mechanism for the cochlea variability seen in this study.

Teaching points

•	 Cochlear malformations in CHARGE are a spectrum 
ranging from normal to varying degrees of cochlear 
hypoplasia.

•	 The first half of the basal turn is the most preserved 
region of the cochlea in CHARGE syndrome and in other 
genetic causes of cochlear hypoplasia. This sheds light 
on embryological development of the cochlea and has 
important surgical implications.

•	 CHD7 mutations almost invariably impact the devel-
opment of SCCs and vestibule, resulting in character-

Table 2   Extra-cochlear 
middle ear and extra-temporal 
abnormalities for n = 26 patients 
(data derived from 26 CT 
and 18 MRI scans for a total 
evaluation of 52 ears)

SCC semicircular canal, PPS persistent petrosquamosal sinus, EAC external auditory canal, UTI unable to 
identify
a Listed when considered abnormal
b Malformation includes dysplasia, atresia, aberrant course, hypoplasia or dilation where appropriate to the 
structure
c Course of facial nerve canal

Structure Normal Absenta Presenta Malformationb UTI

Vestibular system
  Vestibule 0% 52/52 (100%)
  Lateral SCC 0% 52/52 (100%) 0%
  Posterior SCC 0% 39/52 (75%) 13/52 (25%)
  Superior SCC 0% 23/52 (44%) 29/52 (56%)
  Vestibular aqueduct 44/48 (92%) 4/48 (8%) 4/52

Middle ear
  Cavity 17/52 (33%) 35/52 (67%)
  Ossicles 34/52 (65%) 18/52 (35%)
  Oval window 1/52 (2%) 51/52 (98%)
  Round window 50/52 (96%) 2/52 (4%)
  Emissary veins/PPS 34/52 (65%) 18/52 (35%)

Nerves
  Cochlear nerve 7/36 (19%) 29/36 (81%) 16/52
  Facial nerve 35/36 (97%) 1/36 (3%) 34/51 (67%)c 16/52

Extra-temporal
  Coloboma 14/32 (44%) 18/32 (56%) 20/52
  Choanal atresia 15/26 (58%) 11/26 (42%)
  Vermis/pons hypoplasia 10/18 (56%) 8/18 (44%)
  Olfactory bulb 13/18 (73%) 5/18 (27%)
  EAC atresia/microtia 50/52 (96%) 2/52 (4%)
  Synostosis/cleft palate 25/26 (96%) 1/26 (4%)
  Hemifacial microsomia 25/26 (96%) 1/26 (4%)
  J-shaped Sella 25/26 (96%) 1/26 (4%)
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istic morphological abnormalities in most of the cases 
(Fig. 2).

•	 Cochlear nerve can be present, hypoplastic or aplastic 
in CHARGE syndrome independent of cochlear mor-
phology, other than modiolar thickening and cochlear 
aperture stenosis/atresia being associated with cochlear 
nerve hypoplasia/aplasia. Thus, MRI is critical for pre-
operative planning in these patients.

Conclusion

Cochlear hypoplasia is a frequent finding in CHARGE syn-
drome with a range of abnormalities, but favouring a milder 
phenotype with a preserved basal turn. This suggests a later 
time of arrest of embryogenesis (> 7–8 weeks) than pre-
viously thought. The abnormalities lie along a continuous 
spectrum rather than as discrete entities, suggesting that 
a detailed description of the cochlea rather than quantum 
categorization would be more useful for surgical planning. 
Recent genetic and molecular insights provide a possible 
pathophysiological theory for these findings, with likely a 
combination of genetic and environmental interactions act-
ing on the cochlea.
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