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PURPOSE

X-linked deafness (XLD) is a rare disease characterized by typical cochlear incomplete partition
type 3 (IP-1ll) anomaly. Accompanying hypothalamic anomalies were also recently described. The
purpose of this study was to document the temporal bone and intracranial imaging findings in
a series of patients with XLD, with a review of the literature, to better understand this anomaly.

METHODS

The computed tomography and magnetic resonance imaging studies of 13 XLD patients were
retrospectively evaluated. All structures of the otic capsule (OC) were subjectively and retrospec-
tively assessed. The OC thickness and the size of the cochlea were measured and compared to
the age-matched control group. Intracranial structures were also evaluated with specific atten-
tion to the hypothalamic region.

RESULTS

All cases had bilateral IP-lll anomaly, bulbous internal auditory canals (IACs), absent bony modio-
lus with preserved interscalar septa, and intact cochleovestibular and facial nerves. The thickness
of the OC was decreased in all cases compared to the control group (P < .001). In XLD patients,
the cochlea had decreased in the transverse dimension and increased in height compared to
the control group (P < .001). Five patients (38.4%) had bilateral cystic structures adjacent to the
vestibule and/or semicircular canals (SCCs). The hypothalamus was thickened or had a lobular
appearance in all cases (subtle in one). Additionally, hamartoma-like appearance of the hypo-
thalamus was present in half of the cases.

CONCLUSION

XLD is a rare inner ear anomaly that is frequently associated with hypothalamic malformations.
The OC thickness of IP-IIl patients appears to be decreased with accompanying decreased trans-
verse dimension of the cochlea, which could have implications in electrode selection during
cochlear implantation. Cystic/diverticular lesions surrounding the vestibule and semicircular
canals are also frequently seen but rarely reported findings.

-linked deafness (XLD), also known as DFNX2, is one form of X-linked non-syndromic

hearing loss. This is a rare genetic disease caused by mutation in the POU3F4 gene,

characterized by bilateral mixed hearing loss and high risk of perilymph gusher at
stapes surgery. XLD is characterized by symmetrical cochlear incomplete partition type 3
anomaly (IP-1I). IP-Il has pathognomonic imaging findings including the absence of spiral
lamina, bony modiolus, and cribriform plate that separates the base of the cochlea and the
internal auditory canal (IAC) as well as the presence of a dilated IAC."? Enlarged tympanic
and labyrinthine segments of the facial nerve canal, malformed vestibules, semicircular
canals (SCCs), and enlarged vestibular aqueduct has also been reported.’>* Patients with
XLD have been reported to have preserved a cochlear size and intact cochleovestibular
nerves.>® Abnormal diverticular cystic bulge of the vestibule and SCCs have also been
reported with XLD.3¢ Additionally, malformations in the hypothalamus were also recently
reported in patients with this anomaly.37°
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In this study, we aimed to examine tem-
poral bone findings as well as the accom-
panying intracranial findings in a series of
patients with XLD, to further evaluate the
characteristics of the disease that might
impact the care of patients.

Methods

Patients

A database search was performed to
identify all patients with imaging diagnosis
of IP-lll anomaly, scanned between January
2005 and January 2019. Inclusion crite-
ria were patients with typical computed
tomography (CT) findings who had their
baseline temporal bone imaging available
in the PACS database (n=13). Additionally,
13 age-matched temporal bone CTs with
normal inner ear findings, performed for
causes other than congenital hearing loss,
were also selected as the control group,
for comparative evaluation. The study was
approved by our Institutional Review Board
and informed consent was waived due
to the retrospective design of the study
(GO2020/02-06).

Image acquisition

CT images of the temporal bones were
obtained in the axial plane using a multi-
detector scanner (Somatom Plus 4/Volume
Zoom, Siemens), with 0.5 mm collimation
and 0.5 mm slice thickness. The data set
acquired for each patient was used to create
axial and coronal reformatted images, par-
allel and perpendicular to the lateral SCCs,
respectively. Magnetic resonance imag-
ing (MRI) examinations were performed
with either a 3T (Ingenia, Philips or Allegra,
Siemens) or a 1.5T scanner (Symphony,
Siemens), by using a standard head coil. All
scans included axial and sagittal oblique

= In IP-lll anomaly, decreased transverse
and slightly increased vertical dimensions
of the cochlea are frequent but rarely
reported findings, which could affect the
selection of the cochlear implant type.

- Decreased otic capsule thickness and cys-
tic/diverticular lesions contiguous with
inner ear structures in IP-lll are accom-
panying features that are less frequently
mentioned in the literature.

- Malformations in the hypothalamus
are frequently found associated with
IP-Il incomplete partition type 3, with
unknown clinical significance.

three-dimensional (3D) constructive inter-
ference in steady-state (CISS) or driven equi-
librium radiofrequency reset pulse (DRIVE).

Imaging evaluation

CT and MRI examinations were subjec-
tively and retrospectively evaluated by a
neuroradiologist experienced in head and
neck imaging. The structures evaluated
with qualitative assessment included sta-
pes and oval window, cochlear appearance,
interscalar septa (ISS), modiolus, spiral lam-
ina, vestibule, superior and inferior vestibu-
lar canals, SCCs, vestibular aqueduct, facial
canal, IAC. The presence of cystic structures,
defined as abnormal diverticular cystic
bulges continuous or adjacent to the vesti-
bule or SCCs, were also noted. The cochleo-
vestibular nerve appearance and size were
also assessed on sagittal-oblique high
T2-weighted images. Additionally, the avail-
able MRI studies were also evaluated with
respect to possible anomalies or variations
involving the posterior fossa structures and
hypothalamus.

The thickness of the otic capsule (OC) and
the size of the cochlea were quantitatively
measured. The OC thickness was measured
anterior to the cochlea, from the anterior
aspect of the cochlear apex to the anterior
cortical margin (Figure 1). Cochlear size
(height and transverse dimension) was also
measured in the axial plane in both XLD
patients and the control group (Figure 1). As
the cochleain IP-lll has a funnel-shaped dys-
morphism where the transverse cochlear
dimension appears to be narrowed at the
level of the middle turn, the transverse
dimension was measured from the level of
the middle turn. Coronal cochlear height

(CCH) was also measured on a coronal sec-
tion from the midpoint of the basal turn to
the midpoint of the apical turn and used for
definition of cochlear hypoplasia (defined
as CCH <4.25 for females and <4.48 for
males based on the work of Mori et al.)." All
measurements of XLD patients were cor-
related with measurements of cases in the
age-matched control group.

Clinical evaluation

Operative reports of cases who had under-
gone surgery were also retrospectively
reviewed and were classified in terms of cere-
brospinal fluid complications. The patients’
charts were assessed with respect to the
presence of neurological signs/symptoms
and for possible endocrine malfunction.

Statistical analysis

Mean, standard deviation (SD), and
median (min/max) values were given for
variables with normal distribution and with-
out normal distribution, respectively. The
normality assumption was assessed by the
Kolmogorov-Smirnov test. Categorical vari-
ables were given as percentages. To com-
pare controls and patients, the two-sample
t test was used for variables with normal
distribution, and the Mann-Whitney U test
was used for non-normally distributed vari-
ables. The result was considered statistically
significant when P < .05. All analyses were
performed using IBM SPSS Statistics 23.0.

Results

The study group consisted of 13 XLD
patients. The median age was 4 years (min,
7 months; max, 53 years). Ten of the patients

Figure 1.a, b. Measurements of cochlear height and transverse diameter (a) with the measurement
of the OC thickness (b) on an XLD patient. There is also thinning of the OC (a, b) and thick ISS (arrow).
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Figure 2. a-d. CT (a-c) and MR (d) images of a 3-year-old male XLD patient with IP-lIl anomaly. The images demonstrate bilateral bulbous IACs, absence of
cribriform plate and modiolus, and a corkscrew-shaped cochlea with thickening of the ISS (a, arrows). Notice the subtle widening of the labyrinthine
segments of facial canals bilaterally (b). Small cystic structures/diverticula (arrows) are seen adjacent to the vestibules (c, d).

were younger than 18. All patients but one
were male (M : F, 12 : 1). Several patients
belonged to a single family (Patient 6 and
Patient 7 were siblings; similarly Patients 8,
9, and 10 were also siblings. Additionally,
Patient 7 was the grandfather of Patients 8,
9,and 10).

None of the patients had an endocrino-
logical disorder or seizures. All patients pre-
sented with mixed type hearing loss. Seven
patients had a history of gusher during
cochlear implantation, and the remaining
patients had not undergone surgery.

All cases had bilateral typical IP-Ill anom-
aly with absent lamina cribrosa and modio-
lus (Figure 2). The basal turn of the cochlea
was widened bilaterally in 5 patients, and
the turns of the cochlea were preservedinall
subjects. Interscalar septa were preserved
in all cases but were thickened peripher-
ally in 12 patients (92.3%) (Figures 2 and
3). All cases had large IACs. Eight patients
(61.5%) had dilated inferior vestibular nerve
canals (bilaterally in 4 patients and unilater-
ally in 4 patients). Ten patients (76.9%) had
dilated superior vestibular nerve canals.
The facial nerve canal was enlarged bilat-
erally in all patients except one (92.3%)
(Figure 2). The labyrinthine segment was

the most commonly affected part (92.3%),
with the tympanic segment widened in
half of the cases. One patient (7.6%) had a
bilateral aberrant facial nerve canal. Seven
patients had cystic dilatation of vestibular
aqueducts bilaterally and one patient had
dilated vestibular aqueduct unilaterally on
CT (57.6% in ears with XLD). All patients had
bilaterally enlarged vestibules. Five patients
had cystic/diverticular lesions continuous
with the vestibule (38.4%) bilaterally, which
were mild in 3 and extensive in 2 patients
(Figures 2, 4, and 5).

All cases except 2 (84.6%) revealed
dilated SCCs with accompanying bilat-
eral multiple abnormal cystic/diverticular
lesions continuous with the dilated SCCs in
2 cases (15.3%) (Figures 4 and 5).

The incidence of semicircular canal dehis-
cence (SCCD) was 46.1% (n=6). All SCCDs
but one were located in the posterior SCC.

Stapes footplates were observed to
be thick in 10 patients (bilaterally in
9 of 10 patients) with a rate of 73% in all
ears with IP-lll. Oval window atresia was
observed in 5 patients (which was bilateral
in 4 patients, 34.6% in ears with IP-ll), and
the oval window was severely hypoplastic
in the other 4 patients bilaterally (30.7% in
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ears with IP-1ll). One of the patients had uni-
lateral stapedial dislocation (3.8%).

OC thickness was decreased in all IP-Ill
cases (median, 0.5 mm; min-max, 0.3-
0.7 mm) compared to the OC thickness of
the control group (median, 1.1 mm; min-
max, 0.8-1.9 mm) and the difference was
statistically significant (P < .001, Mann-
Whitney U test) (Table).

Cochlear mid-turn transverse diameter
was significantly lower in XLD patients
(mean=SD, 3.99+0.488 mm) than in the con-
trol group (5.18+0.454 mm) (P < .001, inde-
pendent samples t test) (Table). Cochlear
height was significantly higher in XLD
patients (3.73£0.462 mm) than in the
control group (3.09£0.411 mm) (P < .001,
independent samples t test) (Table). Mean
cochlear height on coronal images
(4.18+0.274 mm) was significantly lower
than in the age-matched control group
(5.16+0.340 mm) (P < .001, independent
samples t test) (Table). Eleven patients
(84.6%) had hypoplastic CCH.

Ten patients had MRI examinations
(6 cases on 1.5T and 4 on 3T scanners). All
cases had bilateral typical IP-Ill anomaly
with large IACs. The modiolus and lamina
spiralis were absent. Scala vestibuli and

Parlak et al.



Figure 3. a-d. CTimaging findings of a 2-year-old male patient with XLD. Absent cribriform plate and
modiolus of the cochlea with thickened interscalar septa (a, b, arrows). CT images of a 2-year-old
patient with normal inner ear findings for comparison (c, d).

scala tympani could not be seen as separate
chambers (Figure 6).

All  patients had bilaterally intact
cochleovestibular and facial nerves. The
appearance of cochlear-vestibular and
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facial nerves on sagittal-oblique images
in IAC showed atypical appearance, with
curved/comma-shaped appearance of the
cochlear nerve (Figure 7). Two patients
had unilateral hypoplastic cochlear nerves

&

".

(defined as a cochlear nerve diameter
smaller than the facial nerve diameter on
sagittal-oblique high T2-weighted images).
Seven patients had normal cochlear nerves.
Cochlear nerves of one patient could not
be sufficiently evaluated because of inad-
equate resolution on sagittal-oblique high
T2-weighted images. The rate of cochlear
nerve hypoplasia was 11.1% in ears with
XLD, in patients with adequate sagittal-
oblique high T2-weighted images available.

There were no brain stem, posterior fossa,
or skull base anomalies, and the pituitary
gland was normal in all cases.

Typical dysmorphic features of the hypo-
thalamus were seen in all cases as subtly
thickened (n=2; 20%) to a hamartoma-like
appearance (n=5; 50%) (Figure 8).

All patients had hypothalamic malfor-
mations (marked in 9 patients and subtle
in one) that were asymmetric in 5 patients,
and with a wrinkly appearance in 6 patients,
and a bulky appearance in 3 patients
(Figure 8).

Discussion

XLD, first described in 1971, is one of
the rare forms of inner ear malformation
and constitutes 2% of inner ear malforma-
tions.’'* Due to the gusher phenomenon,
it is also named as X-linked stapes gusher
syndrome. Patients usually present with
sensorineural hearing loss or mixed type
hearing loss with an accompanying con-
ductive component due to stapedial fixa-
tion. Females with this mutation usually
show no evidence of hearing loss.'

The typical inner ear findings of XLD
are bilateral IP-lll anomaly with bulbous
IAC, absent bony modiolus and crib-
riform plate, and preserved but thick-
ened ISS. Wide facial nerve canal and
malformed vestibule and SCCs have also
been reported. For the pathophysiology
of IP-lll, Sennaraoglu et al.’® suggested that

b
= %

Figure 4.a, b. A 53-year-old male patient with XLD and bilateral typical IP-lll. The CT (a) and MR (b) images demonstrate fluid-filled cavities/cystic
structures (arrows) surrounding the vestibules and SCCs.
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Figure 5. a-d. Bilateral cystic structures in the subarcuate fossa. CT image of a 47-year-old male
patient with XLD (a, b). MR image (¢, d) of a 53-year-old male patient with XLD in the same family as
the patient in (a, b).

Table. Comparison of patients with XLD and controls

Variables Ears with XLD (n=26) Controls (n=26) P
Age (years) 4 (7 months, 12-53 years) 7 (8 months, 12-56 years) .198
Otic capsule thickness (mm) 0.5(0.3-0.7) 1.1 (0.8-1.9) <.001
Cochlear transverse diameter 3.99 +0.488 5.18 + 0.454 <.001
(mm)

Cochlear height (mm) 3.73 +0.462 3.09+0.411 <.001
Coronal cochlear height (mm) 418 £0.274 5.16 + 0.340 <.001

Values are expressed as median (min-max) or mean =+ SD.

the anomaly might be due to genetic alter-
ations that resulted in abnormal fetal vas-
cular supply from middle ear mucosa. This
anomalous vascular supply might prompt
defective development of the endochon-
dral and periosteal layers of the OC. Hence,
the OC has only an endosteal layer which
results in a defect at the cochlear base and
modiolus.” In accordance with this theory,
the thickness of the OC was decreased in all
patients. It is known that the POU3F4 gene

has a prominent role in early development
in the OC and maturation of bony labyrinth
and that it is expressed in the otic mesen-
chymal cells. POU3F4 deficiency was found
to cause defects in both otic fibrocytes and
stria vascularis.’ However, it is unclear how
those affected fibrocytes might act in the
OC developmental processes (especially if
they play a role in vascular development of
the OC), or whether there are other vascu-
lar effects of POU3F4 deficiency that might

54. January-February 2022 - Diagnostic and Interventional Radiology

result in the suggested vascular compro-
mise theory.

Symmetrical inner ear anomalies such as
bulbous IAC, incomplete separation of the
cochlea from the IAC, wide facial canal, and
absent modiolus were reported as main
features on CT."? In our series, all cases
had bilateral typical IP-lll anomaly with the
absence of cribriform plate, lamina spiralis,
and modiolus. The IACs were bulbous in all,
with widened facial canals in the major-
ity of cases. The endosteal layer, with the
lack of endochondral and outer periosteal
layers, may be insufficient to provide com-
pact tissue and may be the reason for bul-
bous enlargement of the IAC, just like the
widening of the tympanic and labyrinthine
segments of the facial nerve canal. We
noticed a curved/comma-shaped appear-
ance extending infero-posteriorly from the
cochlear nerve. A similar appearance was
also recently reported by Hong et al.,' who
described it as a “hypointense spiral struc-
ture” and explained it as the membranous
labyrinth extending into the dilated IAC
due to the incomplete separation of the
cochlear base from the IAC. However, the
appearance is more likely to represent elon-
gated and stretched inferior vestibular-
cochlear anastomoses.’® The implications of
this appearance are unknown at this point.

The lack of incomplete separation of the
cochlea from the IAC (due to absent cribri-
form plate and modiolus) is known to cause
incorrect placement of the cochlearimplant
electrode, which might be displaced into
the IAC in 11%-20% of cases.' % Similarly,
in one of ourimplanted cases, the electrode
array had to be repositioned during surgery
due to IAC displacement initially.

In most of the cases reported in the lit-
erature, the cochlear size was noted to be
normal in IP-Ill anomalies. In a recent paper
by Hong et al,” the dimensions of the
cochlea were reported to be slightly smaller
than normal. In our study, the cochlea was
noted to have a dysmorphic appearance
with decreased transverse dimension on
axial images, decreased coronal height,
but increased vertical dimension on axial
images compared to the control group.
Smeds et al.'® have previously reported that
the full-length insertion of the electrode
array could not be performed in 4 cases.
Additionally, Alballaa et al.?® reported that
they had obtained full insertions in their
cases with a shorter array. Accordingly, in
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Figure 6. Dysmorphic appearance of the cochlea of a 5-year-old XLD patient. Modiolus cannot be

seen.

our series, mid-sized electrodes were used
with full insertion in all cases. This subtle
decrease in cochlear size in IP-lll might thus
have implications in the setting of electrode
selection for cochlear implantation.

ISS thickening, which can be observed
on CT in XLD, has been previously
described.” In our series, all patients had
preserved ISS compatible with literature,
but all except one had ISS thickening as well
(92.3%). Additionally, 76.9% of the patients
had stapes footplate thickening. ISS, as
well as the vestibular surface of the stapes,
develop from the endosteum.’ We specu-
late that in XLD, in the setting of absent/
hypoplastic endochondral and outer peri-
osteal layers, the endosteum might have
areas of focal hyperplasia, resulting in thick-
ened ISS and stapes footplate.

Malformed vestibules with small out-
pouchings and irregular SCCs in XLD have
also been reported.?’ Anderson et al’?

reported diverticular outpouchings of
vestibules and SCCs in 2 brothers with a
diagnosis of XLD. In our study, cystic cav-
ity-like structures were also seen adjacent
to the vestibule in up to 38.4% of cases.
Additionally, cystic appearances were also
noted surrounding the bilateral SCCs. The
cystic lesions were also seen at younger
ages (in 3 and 5-year-old patients and as
early as the first 7 months of life). These neo-
natal and pediatric cases suggest that these
cystic formations are probably develop-
mental in nature. During the embryologic
development of the inner ear structures,
the ossification of the OC is preceded by a
process of cartilage resorption and replace-
ment by vascular connective tissue.? The
resorption process is due to cell necrosis
and liquefaction of the cartilage matrix,
followed by blood vessels entering the car-
tilage and replacing it with vascular connec-
tive tissue, which will be ossified later.?2 This

process uniformly begins at the subarcuate
fossa but the necrotic process seems to be
especially prominent in the regions of the
posterior and superior canals.?? Normally,
the vascular connective tissue channels
are gradually replaced by bone and bone
marrow during the ossification stage. The
location of the above-mentioned cystic
structures in XLD patients raises the possi-
bility that these appearances might be due
to a defective ossification of the embryonic
vascular connective tissue replacing the lig-
uefied cartilage matrix, or the incomplete/
inadequate replacement of these liquefied
areas by the vascular connective tissue. It is,
of course, unclear what the content of those
cystic areas is and whether they contain
perilymph, given the fact that they appear
to be contiguous with the inner ear struc-
tures and especially the SCCs.

SCCD in XLD has been previously
reported in the literature and it was present
in up to 46.1% of our cases, more frequently
seen than previously reported.” This
finding may be the result of the above-
described deficient ossification or under-
development of bone overlying the SCCs.
If this entity is indeed more frequent than
reported, as in our series, it might result in
the third-window effect and may be partly
responsible for the conductive component
of the hearing loss, in addition to the stape-
dial fixation.

Hypothalamic hamartomas are mostly
sporadic and have often been linked
to somatic mutations in the GLI3 gene.
Several cases have also been reported
with hypothalamic hamartomas with some
syndromes including oral-facial-digital syn-
drome.?*3' First, Whitehead et al.’ reported
hypothalamic malformation with tuber

Figure 7. a, b. Normal appearance of vestibulocochlear and facial nerves on sagittal-oblique CISS image from the level of IAC (a). The dysmorphic
appearance of vestibulocochlear and facial nerves of XLD patient on sagittal-oblique CISS image with curved/comma-shaped appearance of the cochlear
nerve (b, arrow).
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Figure 8. a-d. Axial T2-weighted image (a) of a 2-year-old male with XLD reveals thickened

hypothalamus (arrows). Sagittal T1-weighted image (b) shows a 3-year-old male with hypothalamic
enlargement (arrow). Axial T2-weighted image (c) of a 21-year-old female patient shows wrinkly
hypothalamus (arrows); coronal T1-weighted image (d) of the same patient shows asymmetrical
hypothalamic hamartoma-like enlargement (arrows).

cinereum diverticula in a toddler with XLD.
Anderson et al.? reported 2 brothers with
XLD with identical inner ear findings and
hypothalamic malformations which were
labeled as hypothalamic hamartomas.
Siddiqui et al.” reported the varied appear-
ance of hypothalamic malformations
ranging from subtle thickening to hamar-
toma-like enlargement in 12 of 15 patients
with XLD and POU3F4 mutations. Recently,
Matifoll et al® reported some features of
hypothalamus discriminating from normal
controls with high sensitivity and specific-
ity levels in their 10 cases with XLD. These
features were the folded appearance of the
ventromedial hypothalamus on T2 axial
images characterized by an external/inter-
nal cleft and a concave morphology of the
medial eminence on coronal T2 images.
POU genes are related to cell differentiation
and organ formation and the POU3F4 gene

encodes a transcription factor, affecting the
inner ear, hypothalamus, nervous system,
and pituitary gland development, which
is the possible mechanism linking the
hypothalamic malformations and inner ear
deformity.® In our study, characteristic dys-
morphism of the hypothalamus was seen
as thickening to an irregular lobular appear-
ance on axial images in all cases. Among
the patients who had MRI, 9 patients
(90%) had marked hypothalamic malfor-
mations, with asymmetry in 5 (50%) and
hamartoma-like appearance in 5 (50%). As
XLD patients may have hypothalamic ham-
artomas, Anderson et al*> recommended
that the brain MRI in patients with XLD
should be assessed accordingly, especially
in patients demonstrating inner ear diver-
ticula. However, in our study, the rate of
hypothalamic malformations was similar in
patients with and without diverticula/cystic
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structures. It is noteworthy that none of our
patients with hypothalamic malformations
had any endocrinological symptoms, but
laboratory testing had not been performed
as they did not have any endocrine dys-
function. Additionally, none of our cases
had any history of seizure or epilepsy.

Our study had limitations due to the ret-
rospective design and the limited number
of cases. The diagnosis of XLD was based
on pathognomonic temporal bone CT find-
ings, and no genetic tests had been per-
formed. Additionally, the relatively smaller
number of patients with MRI was also a lim-
iting factor.

In conclusion, XLD has pathognomonic
inner ear imaging findings including IP-lI
with accompanying hypothalamic malfor-
mations including hypothalamic thickening
and associated hamartoma-like appear-
ance. In this anomaly, the cochlea appears
to be dysplastic, with decreased transverse
and slightly increased vertical dimensions,
and this is an important finding as it could
affect the selection of the cochlear implant

type.
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