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Abstract

Purpose A narrow bony internal auditory canal (IAC) may be associated with a hypoplastic cochlear nerve and poorer hear-
ing performances after cochlear implantation. However, definitions for a narrow IAC vary widely and commonly, qualitative
grading or two-dimensional measures are used to characterize a narrow IAC. We aimed to refine the definition of a narrow
IAC by determining IAC volume in both control patients and patients with inner ear malformations (IEMs).

Methods In this multicentric study, we included high-resolution CT (HRCT) scans of 128 temporal bones (85 with [IEMs:
cochlear aplasia, n=11; common cavity, n=2; cochlear hypoplasia type, n=19; incomplete partition type I/III, n =8/8;
Mondini malformation, n=16; enlarged vestibular aqueduct syndrome, n=19; 45 controls). The IAC diameter was measured
in the axial plane and the IAC volume was measured by semi-automatic segmentation and three-dimensional reconstruction.
Results In controls, the mean IAC diameter was 5.5 mm (SD 1.1 mm) and the mean IAC volume was 175.3 mm® (SD
52.6 mm?). Statistically significant differences in IAC volumes were found in cochlear aplasia (68.3 mm?, p <0.0001), IPI
(107.4 mm?®, p=0.04), and IPIII (277.5 mm?, p =0.0004 mm?). Inter-rater reliability was higher in IAC volume than in IAC
diameter (intraclass correlation coefficient 0.92 vs. 0.77).

Conclusions Volumetric measurement of IAC in cases of IEMs reduces measurement variability and may add to classifying
IEMs. Since a hypoplastic IAC can be associated with a hypoplastic cochlear nerve and sensorineural hearing loss, radio-
logic assessment of the IAC is crucial in patients with severe sensorineural hearing loss undergoing cochlear implantation.

Keywords Internal auditory canal - Cochlear malformation - Inner ear malformation - Diagnosis - Volume - 3D
segmentation

Introduction

Cochlear implant (CI) surgery is the current gold-standard
treatment in profound sensorineural hearing loss. Among
other factors, a narrow bony internal auditory canal (IAC)
may be associated with poorer hearing performances after
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cochlear implantation as a narrow IAC commonly contains
a hypoplastic cochlear nerve [1, 2, 3, 4, 5]. Furthermore,
IAC hypoplasia may be associated with an aberrant facial
nerve, which renders the surgical approach to the cochlea
more challenging and the risk for intraoperative facial nerve
injury is increased [1, 6].

A narrow IAC can lead to an inferior CI outcome due to
various reasons. First, a narrow IAC may contain a rudi-
mentary or absent cochlear nerve [7]. While cochlear nerve
aplasia is a contraindication to cochlear implantation [8, 9],
cochlear nerve hypoplasia is associated with worse hearing
outcomes in CI patients [3, 4, 5]. Moreover, previous stud-
ies have reported that a narrow IAC can be associated with
both a normal inner ear as well as inner ear malformations
(IEMs) [5, 10]. While it has been previously suggested that
development of a normal cochlea depends on the innervation
by a normally developed cochlear nerve, recent temporal
bone studies revealed that the cochlea undergoes a normal
development even in absence of the cochlear nerve [11, 12].
However, among candidates for CI surgery, patients with
IEMs not only pose significant anatomical challenges to CI
surgery, but also have been shown to have a worse outcome
regarding hearing performance [5, 13, 14]. Yet, the relation
between different types of IEMs, IAC hypoplasia and coch-
lear nerve abnormalities are not well-understood.

The first definition of a normal IAC was presented in
1964 and together with subsequent studies, a diameter less
than 2 mm has become the most widely accepted criterion
for a narrow IAC [2, 15, 16, 17]. Currently, there is no
broad consensus on how to assess and grade the IAC size. In
our previous work, we found that three-dimensional recon-
struction and volumetric measurements of temporal bone
structures reduce inter-observer differences compared to
two-dimensional measurements and may, therefore, help to
distinguish normal from abnormal anatomic structures, such
as the cochlea or the vestibular aqueduct [18, 19, 20, 21].
Therefore, we hypothesized that three-dimensional volu-
metric measurements may be a valuable tool to determine
the TAC size. A narrow bony IAC can indicate a hypoplastic
auditory nerve and thus poorer hearing outcome. Therefore,
the assessment of the IAC size may help to identify hypo-
plasia of the auditory nerve in IEM. In this study, we aimed
to (i) estimate metric and volumetric reference values for
the IAC of normal and malformed inner ear, (ii) assess the
relationship between IAC diameter and volume, and (iii)
report the incidence of IAC hypoplasia in different types
of IEM.
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Methods

In a retrospective multi-center study, high-resolution CT
(HRCT) data sets from patients with IEM and controls were
analyzed. Data sets were anonymized prior to image analy-
ses. The study protocol was approved by the local ethics
committee (No. 21-7358-BR).

Image analysis

The TAC diameter was assessed from HRCT data sets in
the axial view. IAC diameter was determined at the porus
acusticus internus (Fig. 1A) [22]. HRCT data sets were
reconstructed using 3D slicer (https://www.slicer.org/, ver-
sion 4.13.0, Massachusetts, USA [23]). Segmentation of the
inner ear and IAC was performed using threshold analysis
(threshold range: — 1024 to 700 Hounsfield units, Fig. 1B)
and a three-dimensional model of the inner ear was recon-
structed as previously described (Fig. 1C) [24]. The IAC
was segmented from its fundus to the posterior cranial fossa.
Volumes were calculated using the segment statistics mod-
ule and the segmentation module of the 3D slicer software.

IEMs were diagnosed according to the Sennaroglu and
Saatci classification [25, 26] by a senior neuroradiologist
with more than 10 years of experience in temporal bone
radiology. All measurements were performed by two inde-
pendent examiners with at least 2 years of experience in the
diagnosis of temporal bone imaging and after an intensive
training period by a senior otorhinolaryngologist and a sen-
ior neuroradiologist.

Statistical analysis

Statistical analyses were performed using Prism (version
8, GraphPad Software, La Jolla, CA, USA). Values given
as mean and standard deviation (SD). To compare differ-
ences among group means, a one-way analysis of variance
(ANOVA) was used. Groups with a number n <3 were
excluded from statistical analysis. Tukey’s test was used to
correct for multiple comparisons. The significance level was
set to p <0.05. Correlations were assessed using Pearson’s
correlation. A Person’s correlation coefficient of < 0.3 was
interpreted as an indicator of a weak correlation, 0.3-0.59
of a fair correlation, 0.6-0.79 of a moderate correlation, and
0.8-0.99 of a very strong correlation [27, 28]. The inter-rater
reliability (IRR) was determined by calculating the intra-
class correlation coefficient (ICC).
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Fig. 1 Exemplary measurements of the internal auditory canal (IAC)
diameter and volume of a normal inner ear in an axial section of a
high-resolution computed tomography. A At the porus acusticus
internus, the IAC diameter (magenta line) was determined perpendic-
ular to the longitudinal axis (dashed magenta line) of the IAC. Scale
bar: 10 mm. B Exemplary segmentation of the IAC (magenta area).
The cochlea (C) and vestibule (V) are outlined in light blue. C 3D
reconstruction of the IAC (magenta) and the adjacent inner ear (coch-
lea, vestibule; light blue) M, mastoid. PCF, posterior cranial fossa

Results
Demographics

HRCT of the temporal bone of 83 IEM patients and 45
controls with no inner ear pathology were analyzed. Slice

thickness varied between 0.625 and 1 mm. The group of IEMs
consisted of 11 cases of cochlear aplasia (CA), 2 cases of
common cavity (CC), 3 cases of cochlear hypoplasia type I,
2 cases of cochlear hypoplasia type III, 14 cases of cochlear
hypoplasia type IV, 8 cases of incomplete partition (IP) type
I, 8 cases of IP type III, 16 cases of IP type II with an enlarged
vestibular aqueduct (Mondini malformation [MM]) and 19
cases of enlarged vestibular aqueduct syndrome (EVAS).

Internal auditory canal diameter

The mean IAC diameter in controls was 5.5 mm (SD
1.1 mm). A one-way ANOVA revealed significant differ-
ences in the IAC diameter among different types of IEMs
and controls (F(7,116)=9.24, p <0.0001; Fig. 2A). In com-
parison with the control group, post-hoc analysis revealed
statistically significant difference in IAC diameter in CA
(mean difference 2.2 mm, p <0.0001), CHI (mean difference
1.9 mm, p=0.04), and CHIV (mean difference -1.0 mm,
p=0.03). The inter-observer agreement for IAC diameter
was good with an ICC of 0.77.

Internal auditory canal volume

A three-dimensional model of the bony labyrinth and IAC
of the inner ear was successfully reconstructed in every case.
The mean IAC volume in controls was 175.3 mm? (SD 52.6
mm?). A one-way ANOVA revealed significant differences in
the IAC volume among different types of IEMs and controls
(F(7,116)=9.23, p<0.0001; Fig. 2B). In comparison with
the control group, post-hoc analysis revealed statistically sig-
nificant difference in IAC volume in CA (mean difference
107.0 mm?, p<0.0001), in IPI (mean difference 67.9 mm?,
p=0.04), and IPIII (mean difference — 102.2 mm>, p=0.0004
mm?®). Volumetric measurements of the IAC showed an excel-
lent inter-rater reliability with an ICC of 0.92.

Correlation between IAC volume and IAC diameter

The overall IAC volume exhibited a fair correlation to the
IAC diameter (r=0.56, p <0.0001, Fig. 2C). Individual cor-
relation coefficients were r=0.7 (p=0.01) for CA, r=0.3
(n. s.) for CHIV, r=- 0.2 for IPI (n. s.), r=0.2 (n. s.) for
IPIIL, r=0.4 (n. s.) for MM, r=0.6 (p=0.005) for EVAS and
r=0.5 (p=0.0004) for controls.

Discussion
This study assessed volumes of the IAC in IEMs and con-

trols with regular anatomy. Furthermore, the association
of the IAC volume to the IAC diameter was investigated.
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Fig.2 Internal auditory canal (IAC) measurements in inner ear mal-
formations (IEMs) and controls. A, B IAC diameter (A) and volume
(B) in IEMs and controls. Box indicates mean, whiskers indicate
standard deviation. C Correlation between IAC diameter and volume
in all measurements of IEMs controls. Solid black line represents lin-
ear regression line, dashed lines represent 95% prediction intervals. r,
Pearson's correlation coefficient. CH cochlear hypoplasia, /P incom-
plete partition, MM Mondini malformation, EVAS enlarged vestibular
aqueduct syndrome
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Compared to controls, a significantly smaller IAC diameter
was found in CA, CHI and CHIV and a significantly smaller
IAC volume in CA, IPI and IPIII. Furthermore, the IAC
diameter fairly correlated with the IAC volume with signifi-
cant differences among the different types of IEM.

Although the IAC is often only qualitatively assessed
[26], the IAC diameter at the internal auditory meatus rep-
resents a common measure to quantify the IAC size. Based
on our data, we can estimate a normal IAC diameter at
the level of the internal auditory meatus between 3.3 and
7.7 mm (based on the mean + two standard deviations). This
is in accordance to previous studies, which reported a mean
IAC diameter between 5 and 6 mm and an IAC diameter
range between 2 and 8 mm to be normal [15, 17, 29, 30]. In
contrast, only few previous studies reported volumetric data
on a normal IAC [31]. Furthermore, information on volumes
of hypoplastic IAC as well as IAC size in IEM is unknown.
Nevertheless, IAC diameter and volume of controls obtained
in the present study were comparable to those reported in
literature [31, 32]. In some previous studies, the IAC vol-
ume has been estimated by a formula for a cone after assess-
ing 2D measurements [32]. However, especially in cases of
IPIII, where the IAC is confluent with the cochlear base,
these estimations might be difficult to apply.

Notably, the IAC volume showed a markedly higher inter-
rater reliability compared to the IAC diameter. Therefore,
the IAC volume may constitute the more robust measure.
Interstingly, our data indicate that these two measures do
not exhibit a strong correlation. Furthermore, since the IAC
exhibits a highly variable shape, the IAC diameter at the
internal auditory meatus may not be a suitable surrogate
for the entire anatomic structure of the IAC, even in normal
inner ears [33]. This is corroborated in our study by the
group of IPIII cases, in which the IAC has been reported to
be enlarged [34]. Whereas we did not find a significant dif-
ference in IAC diameter, the IAC volume was significantly
larger in IPIII than in controls. Moreover, in IPI, we found a
significantly smaller IAC volume, but a similar IAC diam-
eter compared to controls. Although there are conflicting
reports on IAC size in IPI, our results on the IAC volume
seem to support the notion of a rather narrow IAC in IPI
[17]. Furthermore, the IAC diameter showed statistically
larger values in CHIV compared to controls, whereas this
effect was not apparent in IAC volumes. Since an enlarged
IAC is not described in cases of CH, volumetry may rep-
resent the more accurate measurement method than TAC
diameter.

The TAC is formed by embryonic mesoderm, which
ensheaths the facial and vestibulocochlear nerve and even-
tually undergoes ossification [35]. It is hypothesized that a
hypoplastic or aplastic IAC is secondary to disrupted devel-
opment of the cochleovestibular nerve [5, 35]. Therefore, the
IAC morphology including size and volume may be used as
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aradiologic surrogate marker for the integrity of the vestibu-
locochlear nerve. However, it is important to note that vice
versa a normal IAC does not exclude hypoplasia or aplasia
of the vestibulocochlear nerve [36]. IAC size may still be a
useful indicator for both cochlear nerve anomalies as well as
further (inner) ear malformation, which may guide further
therapy in case of sensorineural hearing loss. Although the
exact relationship of a small volume of the IAC and cochlear
nerve hypoplasia has yet to be established, we suggest an
IAC with a volume below 70 mm? as small based on the pre-
sent data. Nevertheless, a small IAC should be interpreted
in conjunction with the results of both additional imaging
studies using MRI to visualize the IAC and cochlear nerve
as well as audiometric testing [11]. This study is limited by
the fact that the morphological and functional integrity of
the vestibulocochlear nerve was not assessed.

In conclusion, volumetric measurement of IAC in cases
of IEMs reduces measurement variability and may add to
the most widely accepted classification systems of IEM.
Since a hypoplastic IAC can be associated with a hypoplas-
tic cochlear nerve and sensorineural hearing loss, radiologic
assessment of the IAC is crucial in the work-up of patients
with severe sensorineural hearing loss undergoing cochlear
implantation.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest AD is employed at MED-EL GmbH as the Head of
Translational Science Communication, which is purely a scientific role
with no marketing activities. NMW is supported by a career develop-
ment grant by the Ruhr University Bochum.

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://creativecommons.org/licenses/by/4.0/.

References

1. Maxwell AP, Mason SM, O’Donoghue GM (1999) Cochlear
nerve aplasia: its importance in cochlear implantation. Am J Otol
20(3):335-337

2. Tahir E, Bajin MD, Atay G, Mocan BO, Sennaroglu L (2017)
Bony cochlear nerve canal and internal auditory canal measures

10.

11.

12.

13.

15.

16.

17.

18.

predict cochlear nerve status. J Laryngol Otol 131(8):676-683.
https://doi.org/10.1017/S0022215117001141

Glastonbury CM, Davidson HC, Harnsberger HR, Butler J,
Kertesz TR, Shelton C (2002) Imaging findings of cochlear nerve
deficiency. AINR Am J Neuroradiol 23(4):635-643

Kim H, Kim DY, Ha EJ, Park HY (2019) Clinical value of meas-
urement of internal auditory canal in pediatric cochlear implanta-
tion. Ann Otol Rhinol Laryngol. 128(6_suppl):61S-68S. https://
doi.org/10.1177/0003489419835234

Shelton C, Luxford WM, Tonokawa LL, Lo WW, House WF
(1989) The narrow internal auditory canal in children: a contrain-
dication to cochlear implants. Otolaryngol Neck Surg 100(3):227—
231. https://doi.org/10.1177/019459988910000310

Uchda LRA, Luna LP, Farias LABG, Lima DLN, de Araujo
Coimbra PP. Internal auditory canal hypoplasia associated with
bilateral vestibulocochlear nerve aplasia and deviant facial nerve
course: a case report and MRI findings. J Radiol Case Rep.
2021;15(5):17-23. https://doi.org/10.3941/jrcr.v15i5.3912
Jackler RK, Luxford WM, House WF (1987) Sound detection with
the cochlear implant in five ears of four children with congeni-
tal malformations of the cochlea. Laryngoscope 97(40S):15-17.
https://doi.org/10.1002/1ary.5540971302

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

Sennaroglu L, Ziyal I (2012) Auditory brainstem implantation.
Auris Nasus Larynx 39(5):439-450. https://doi.org/10.1016/j.anl.
2011.10.013

Lapayowker MS, Woloshin HJ, Ronis ML, Ronis BJ (1966)
Temporal bone abnormalities in congenital neurosensory deaf-
ness as revealed by plesiosectional tomography. Am J Roent-
genol Radium Ther Nucl Med 97(1):125-134. https://doi.org/
10.2214/ajr.97.1.125

Adunka OF, Roush PA, Teagle HFB et al (2006) Internal audi-
tory canal morphology in children with cochlear nerve defi-
ciency. Otol Neurotol 27(6):793-801. https://doi.org/10.1097/
01.MAO0.0000227895.34915.94

Nelson EG, Hinojosa R (2001) Aplasia of the cochlear nerve:
a temporal bone study. Otol Neurotol Eur Acad Neurotol.
22(6):790-795. https://doi.org/10.1097/00129492-20011
1000-00013

Isaiah A, Lee D, Lenes-Voit F et al (2017) Clinical outcomes
following cochlear implantation in children with inner ear
anomalies. Int J Pediatr Otorhinolaryngol 93:1-6. https://doi.
org/10.1016/j.ijpor].2016.12.001

Papsin BC (2005) Cochlear implantation in children with
anomalous cochleovestibular anatomy. Laryngoscope 115(1 Pt
2 Suppl 106):1-26. https://doi.org/10.1097/00005537-20050
1001-00001

Valvassori GE, Pierce RH (1964) The normal internal auditory
canal. Am J Roentgenol Radium Ther Nucl Med 92:1232-1241
Masuda S, Usui S, Matsunaga T (2013) High prevalence of inner-
ear and/or internal auditory canal malformations in children with
unilateral sensorineural hearing loss. Int J Pediatr Otorhinolaryn-
gol 77(2):228-232. https://doi.org/10.1016/j.ijporl.2012.11.001
Adibelli ZH, Isayeva L, Koc AM, Catli T, Adibelli H, Olgun L
(2017) The new classification system for inner ear malformations:
the INCAV system. Acta Otolaryngol 137(3):246-252. https://doi.
org/10.1080/00016489.2016.1247498

Weiss N, Breitsprecher T, Pscheidl A, Béchinger D, Volkenstein
S, Dazert S, Mlynski R, Langner s, Roland P, Dhanasingh A.
Volumetry improves the assessment of the vestibular aqueduct
size in inner ear malformation. Eur Arch Otorhinolaryngol. 2022.
https://doi.org/10.1007/s00405-022-07681-4

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S0022215117001141
https://doi.org/10.1177/0003489419835234
https://doi.org/10.1177/0003489419835234
https://doi.org/10.1177/019459988910000310
https://doi.org/10.3941/jrcr.v15i5.3912
https://doi.org/10.1002/lary.5540971302
https://doi.org/10.1016/j.anl.2011.10.013
https://doi.org/10.1016/j.anl.2011.10.013
https://doi.org/10.2214/ajr.97.1.125
https://doi.org/10.2214/ajr.97.1.125
https://doi.org/10.1097/01.MAO.0000227895.34915.94
https://doi.org/10.1097/01.MAO.0000227895.34915.94
https://doi.org/10.1097/00129492-200111000-00013
https://doi.org/10.1097/00129492-200111000-00013
https://doi.org/10.1016/j.ijporl.2016.12.001
https://doi.org/10.1016/j.ijporl.2016.12.001
https://doi.org/10.1097/00005537-200501001-00001
https://doi.org/10.1097/00005537-200501001-00001
https://doi.org/10.1016/j.ijporl.2012.11.001
https://doi.org/10.1080/00016489.2016.1247498
https://doi.org/10.1080/00016489.2016.1247498
https://doi.org/10.1007/s00405-022-07681-4

2154

European Archives of Oto-Rhino-Laryngology (2023) 280:2149-2154

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Breitsprecher TM, Pscheidl A, Bichinger D, Volkenstein S, Dha-
nasingh A, Van Rompaey V, Mlynski R, Dazert S, Van de Heyning
P, Langner S, Roland P, Weiss NM (2022) Cochlear and vestibular
volumes in inner ear malformations. Otol Neurotol 43(8):e814—
e819. https://doi.org/10.1097/MA0O.0000000000003615

Weiss NM, Langner S, Mlynski R, Roland P, Dhanasingh A
(2021) Evaluating common cavity cochlear deformities using ct
images and 3D reconstruction. Laryngoscope 131(2):386-391.
https://doi.org/10.1002/lary.28640

Breitsprecher T, Dhanasingh A, Schulze M, Kipp M, Dakah RA,
Oberhoffner T, Dau M, Frerich B, Weber MA, Langner S, Mlynski
R, Weiss NM (2022) CT imaging-based approaches to cochlear
duct length estimation-a human temporal bone study. Eur Radiol
32(2):1014-1023. https://doi.org/10.1007/s00330-021-08189-x.
Sennaroglu L, Slattery WH 3rd (2003) Petrous anatomy for middle
fossa approach. Laryngoscope 113(2):332-342. https://doi.org/10.
1097/00005537-200302000-00025

Fedorov A, Beichel R, Kalpathy-Cramer J et al (2012) 3D Slicer
as an image computing platform for the Quantitative Imaging Net-
work. Magn Reson Imaging 30(9):1323-1341. https://doi.org/10.
1016/j.mri.2012.05.001

Dhanasingh A, Dietz A, Jolly C, Roland P (2019) Human inner-
ear malformation types captured in 3d. J Int Adv Otol. https://doi.
org/10.5152/120.2019.6246

Sennaroglu L, Bajin MD (2017) Classification and current man-
agement of inner ear malformations. Balkan Med J 34(5):397—
411. https://doi.org/10.4274/balkanmed;j.2017.0367

Sennaroglu L, Saatci I (2002) A new classification for cochleoves-
tibular malformations. Laryngoscope 112(12):2230-2241. https://
doi.org/10.1097/00005537-200212000-00019

Akoglu H (2018) User’s guide to correlation coefficients. Turk J
Emerg Med 18(3):91-93. https://doi.org/10.1016/j.tjem.2018.08.001
Chan YH (2003) Biostatistics 104: correlational analysis. Singap
Med J 44(12):614-619

Erko¢ MF, Imamoglu H, Okur A, Giimiis C, Dogan M (2012) Nor-
mative size evaluation of internal auditory canal with magnetic

@ Springer

30.

31.

32.

33.

34.

35.

36.

resonance imaging: review of 3786 patients. Folia Morphol
(Warsz) 71(4):217-220

Joshi VM, Navlekar SK, Kishore GR, Reddy KJ, Kumar ECV
(2012) CT and MR imaging of the inner ear and brain in chil-
dren with congenital sensorineural hearing loss. Radiographics
32(3):683-698. https://doi.org/10.1148/rg.323115073
Essbaiheen F, Hegazi T, Rosenbloom L (2017) The normal adult
human internal auditory canal: a volumetric multidetector com-
puted tomography study. Otol Neurotol and Eur Acad Otol Neu-
rotol. 38(6):904-906. https://doi.org/10.1097/MAO.0000000000
001388

Rennert RC, Brandel MG, Steinberg JA et al (2022) Maturation
of the internal auditory canal and posterior petrous bone with
relevance to lateral and posterolateral skull base approaches. Sci
Rep 12(1):3489. https://doi.org/10.1038/s41598-022-07343-9
Purcell D, Johnson J, Fischbein N, Lalwani AK (2003) Establish-
ment of normative cochlear and vestibular measurements to aid in
the diagnosis of inner ear malformations. Otolaryngol Neck Surg
128(1):78-87. https://doi.org/10.1067/mhn.2003.51

Sennaroglu L (2016) Histopathology of inner ear malforma-
tions: Do we have enough evidence to explain pathophysiology?
Cochlear Implants Int 17(1):3-20. https://doi.org/10.1179/17547
62815Y.0000000016

Yates JA, Patel PC, Millman B, Gibson WS (1997) Isolated con-
genital internal auditory canal atresia with normal facial nerve
function. Int J Pediatr Otorhinolaryngol 41(1):1-8. https://doi.org/
10.1016/S0165-5876(97)00044-X

Casselman JW, Offeciers FE, Govaerts PJ et al (1997) Aplasia
and hypoplasia of the vestibulocochlear nerve: diagnosis with
MR imaging. Radiology 202(3):773-781. https://doi.org/10.1148/
radiology.202.3.9051033

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


https://doi.org/10.1097/MAO.0000000000003615
https://doi.org/10.1002/lary.28640
https://doi.org/10.1007/s00330-021-08189-x
https://doi.org/10.1097/00005537-200302000-00025
https://doi.org/10.1097/00005537-200302000-00025
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.5152/iao.2019.6246
https://doi.org/10.5152/iao.2019.6246
https://doi.org/10.4274/balkanmedj.2017.0367
https://doi.org/10.1097/00005537-200212000-00019
https://doi.org/10.1097/00005537-200212000-00019
https://doi.org/10.1016/j.tjem.2018.08.001
https://doi.org/10.1148/rg.323115073
https://doi.org/10.1097/MAO.0000000000001388
https://doi.org/10.1097/MAO.0000000000001388
https://doi.org/10.1038/s41598-022-07343-9
https://doi.org/10.1067/mhn.2003.51
https://doi.org/10.1179/1754762815Y.0000000016
https://doi.org/10.1179/1754762815Y.0000000016
https://doi.org/10.1016/S0165-5876(97)00044-X
https://doi.org/10.1016/S0165-5876(97)00044-X
https://doi.org/10.1148/radiology.202.3.9051033
https://doi.org/10.1148/radiology.202.3.9051033

	Internal auditory canal volume in normal and malformed inner ears
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Image analysis
	Statistical analysis

	Results
	Demographics
	Internal auditory canal diameter
	Internal auditory canal volume
	Correlation between IAC volume and IAC diameter

	Discussion
	References


