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Abstract

Objective: We hypothesize that visualizing inner-ear systematically in both cochlear

view (oblique coronal plane) and in mid-modiolar section (axial plane) and following

three sequential steps simplifies, identification of inner-ear malformation types.

Methods: Pre-operative computer-tomography (CT) scans of temporal bones of

112 ears with various inner ear malformation (IEM) types were taken for analysis.

Images were analyzed using DICOM viewers, 3D slicer, and OTOPLAN®. The inner-

ear was captured in the oblique-coronal plane for the measurement of length and

width of cochlear basal turn which is also called as A-, and B-values respectively

(Step 1). In the same plane, the angular-turns of lateral-wall (LW) of cochlear basal

turn were measured (Step 2). As Step 3, the mid-modiolar section of inner ear was

captured in the axial plane by following the A-value and perpendicular to cochlear

view. From the mid-modiolar section, the outer-contour of inner ear was captured

manually by following contrasting gray area between fluid filled and bony promon-

tory and was compared to known resembling objects to identify IEM types (Step 3).

Results: Following reference values have emerged from our analysis: A-, and B-values

(Step 1) on average are >8 mm and >5.5 mm respectively, in normal cochleae (NA),

enlarged vestibular aqueduct syndrome (EVAS), incomplete partition (IP) type-I and

-II, whereas it is <8 mm and <5.5 mm respectively, in IP type-III and cochlear hypo-

plasia (CH). Angular-turn of LW is consistently observed in cochlear basal turn (Step

2), is 540� in NA and EVAS, 450� in IP-II, and 360� in IP types I & III. In subjects with

CH type, angular-turn of LW is either 360� or 450� or 540�. In true mid-modiolar sec-

tion, outer-contour of inner-ear (Step-3), other than in CH and cystic inner-ear mal-

formations, resembles recognizable shapes of known objects. Absence of EVA is an

additional characteristic that confirms diagnosis of CH when the A-, B-values, and

angular-turn of LW can be similar to other anatomical types. Drawing a straight line
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along posterior edge of internal auditory canal (IAC) in axial view can differentiate a

true common cavity (CC) from cochlear aplasia-vestibular cavity (VC).

Conclusion: Three-step process proposed in this study captures inner-ear in cochlear

view as well in mid-modiolar sections visualizing key features of inner-ear in identifi-

cation of IEM types.

Level of Evidence: Level 1.
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1 | INTRODUCTION

Inner ear malformation (IEM) has been reported worldwide at a rate

of 20%–30% among children with congenital hearing loss.1,2 Detailed

radiological analysis is necessary to identify the unique characteristics

seen in each IEM type that differentiates from other types.3 Enlarged

vestibular aqueduct (EVA) in EVA syndrome and, along with cystic apex,

is seen in incomplete partition (IP) type II (IP-II). In IP type I (IP-I), the

cochlear portion is completely cystic, but separated from the vestibular

portion. A wide internal auditory canal (IAC) that opens up fully to the

cochlear basal turn, along with a steep spiraling of the cochlear turns, is

characteristic of IP type III (IP-III). A single cyst can represent either a

common cavity (CC) with both a cochlear and vestibular portion or a

vestibular cavity alone (VC) with cochlear aplasia (CA). Cochlear hypo-

plasia (CH) is identified by its smaller size.4 Cochlear implant

(CI) electrode insertion complications in IEM include inadvertent elec-

trode insertion into the IAC, electrode tip fold-over5 and partial inser-

tion of longer electrodes in CH.6 Gushing, which is a severe outflow

and oozing which is a mild outflow of cerebrospinal fluid, upon opening

the cochlea are surgical complications associated with several IEMs.7

Identification of different IEM types may help the operating sur-

geon to limit surgical and CI electrode insertion complications.8 In our

previous study, we reported an average diameter of the cochlear basal

turn (A-value) <8 mm for IP-III and CH, whereas it is >8 mm among

those with normal anatomy (NA), EVAS, IP-II, and IP-I.9 It was con-

cluded that the A-value alone cannot be a predictor of the IEM types.

In another previous study, we visually analyzed the outer contour of

the true mid-modiolar section of the inner ear and identified unique

patterns resembling known objects for every IEM type.4

The current study, (i) investigates a new method of analyzing the

cochlear basal turn in a single image slice, addressing the angular turn

to which the lateral wall (LW) is visible and (ii) analyses whether it

might help identify different IEM types.

It is hypothesized, which is a projection of the inner ear into both

the oblique coronal plane of the cochlear basal turn or also called as

“cochlear view,”10 as well the true mid-modiolar section in the axial

plane, is feasible using any advanced digital imaging and communica-

tions in medicine (DICOM) viewers including the clinically approved

otologic planning tool (OTOPLAN®). This study aims, (i) to investigate a

novel three-step process for the identification of IEM types and (ii) to

create a master flowchart to enable its application for users.

2 | MATERIALS AND METHODS

2.1 | Image analyses

Pre-operative computer-tomography (CT) scans of temporal bones of

112 ears of potential CI candidates with various inner ear anatomical

types were retrieved from the image database of King Abdullah Ear

Specialist Center, King Saud University, between 2016 and 2021.

From the radiological report, we found that the images were obtained

using a 512-slice multidetector-row CT scanner (General Electric

Healthcare). The following scanning parameters were used: axial

plane, 0.625 mm slice thickness, 230 mAs, 140 kV, and rotation time

1 s with 0.3 mm reconstruction in the axial and coronal views. This

retrospective study was approved by the Institutional Review Board

(No. 20/0091/IRB) on November 30, 2020, to use the images for

research purpose after anonymization. The CT images were analyzed

using three-dimensional (3D) slicer, version 4.11.1 (www.slicer.org),

and OTOPLAN® (https://www.cascination.com/en/otoplan) by the

authors (Anandhan E. Dhanasingh, Nora M. Weiss, and Varachaya

Erhard) together to reach a consensus on the observations made on

the below given three-step process in the identification of IEM types.

Prior to the application of the three-step process, the authors

(Peter Roland and Abdulrahman Hagr) have several years of experi-

ence in cochlear implantation field, analyzed the CT scans of temporal

bone and classified it under different inner ear anatomical types fol-

lowing the method described by Sennaroglu et al.1

2.1.1 | Three-step process in the identification of
IEM types

Step 1: The A- and B-values were measured in the cochlear view pro-

jection as previously described by Escude et al.11 (Figure 1A). The A-

value was measured starting at the round window opening. It passes

through the center of the cochlea to the opposite side of the LW. The

B-value was measured perpendicular to the A-value and establishes

the length of the short axis.

Step 2: The angular turn to which the LW of the cochlea can be

followed in a single image slice corresponding to the cochlear view

showing the cochlear basal turn is depicted in Figure 1B. The cross-

hair feature which is the intersection of the A- and the B-value lines
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divides the cochlear basal turn into quadrants of 90�, which is helpful

in following the angular turn of the LW.

Step 3: Along the A-value line and perpendicular (90�) to the

cochlear view, the mid-modiolar section of the inner ear was visual-

ized in the axial plane as previously described by Dhanasingh et al.4

The outer contour of the mid-modiolar section of the inner ear in the

axial view was captured manually by following the contrasting gray

area between the fluid filled and bony region as previously described

by Dhanasingh et al.12 (Figure 1C).

The proposed three-step process was performed in both

OTOPLAN® and in standard DICOM viewer (3D slicer) by the authors

(Anandhan E. Dhanasingh, Nora M. Weiss), and was scrutinized by all

the other authors.

2.2 | Statistical analyzes

The A- and B-values of the all the anatomical types were compared

using two sample t-tests with unequal variance in Microsoft Excel for

Office 355 (Version 2020). A p < .05 was considered statistically sig-

nificant with a confidence interval of 95%. Statistical analysis on the

angular depth of LW traced in the cochlear view for different anatom-

ical types was not possible as the angular depth measured was uni-

form among the anatomical types.

3 | RESULTS

3.1 | Demographics

Table 1 lists the anatomical types identified, number of ears analyzed

per anatomical type, mean A-, B-values along with its range, and the

extent to which the LW can be consistently traced in the “cochlear
view” in terms of angular turns.

The number of CT scans with various anatomical types identified

in this study from the university database is more than the previous

study.9 One sample was more in NA type, 14 samples were more in

EVAS type, two samples were more in IP-II type, 12 samples were

more in IP-I type, one sample was more in IP-III type and four samples

were more in CH type. No change in the number of samples in CC

and VC types.

3.2 | Identification of IEM types

3.2.1 | Step 1: Measurement of A-, B-values

The A- and B-values of various anatomical types other than CC and VC

types are listed in Table 1. The A-values of all ears with IP-III and CH

types were <8 mm compared to other types in which the A-values

of all ears was >8 mm. The A-values of all ears with IP-III and CH

types were significantly different compared to all ears with NA

(p < .001; p < .01) and EVAS (p < .0001; p < .01) types. A-values of

IP-III type was significantly different to IP-II (p = .04) and IP-I

(p = .01) types. However, the A-values of CH type did not differ sig-

nificantly from IP-I and IP-II (p = .36; p = .11) types. The B-values of

all ears with IP-III, and CH types were <5.5 mm compared to all ears

with other IEM types in which the B-value was >5.5 mm. The

B-values of all ears with IP-III and CH types were significantly differ-

ent compared to all ears with NA (p < .0001; p < .001) and EVAS

(p < .0001; p < .01) types. B-values of all ears with IP-III type were

significantly different to IP-II type (p < .01). However, the B-values

of all ears with CH type did not differ significantly from all ears with

IP-I (p = .18) and IP-II (p = .02) types. The A- and B-value measure-

ments of all ears with CC and VC types were not possible due to the

cystic appearance with no clear anatomical landmarks.

3.2.2 | Step 2: Angular turn of the LW of the
cochlear basal turn

Captured in the cochlear view, the angular turn of the LW of the

cochlear basal turn was identified at least 540� consistently in all ears

with NA and EVAS types (Figure 2A,B), which is clearly higher than

the angular turn of the LW of the cochlear basal turn of all ears with

other anatomical types. Within the cochlear view, the LW was seen

tightly curled beyond 360� to 540� of angular turn in NA type,

whereas the LW was not seen tightly curled in EVAS type. In IP-I

(Figure 2C) and IP-III (Figure 2E) types, angular turn of the LW was

360� as visually observed, whereas in IP-II type (Figure 2D), it

extended to 450� as visually observed on a consist basis. These visual

observations were uniformly seen by all three observers in all CT

scans within each of the anatomical types other than CH type taken

for analysis. In CH type, a large variation was seen in the angular turn

F IGURE 1 Oblique coronal view/cochlear view showing the cochlear basal turn diameter (A-value) and the width (B-value) measurements (A),
angular turn of the lateral-wall traced manually in the single image slice (B), inner ear visualized in the true mid-modiolar section (c), captured
outer contour of the inner ear (d)
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of the LW was visually observed. The angular turn of the LW of 540�

was observed in four ears, 450� in three ears, and 360� in seven ears,

respectively. Figure 2F captures one sample within CH type showing

the angular turn of the LW of 540�.

CC and VC types were either elliptical or irregularly shaped in the

cochlear view, with a cystic appearance as shown in Figure 3.

3.2.3 | Step 3: Visual observation of the outer
contour of the inner ear captured in the mid-modiolar
section

The outer contours of various anatomical inner ear samples captured

in the mid-modiolar section are shown in Figure 4. NA and EVAS

resembled Aladdin's lamp with EVAS showing an EVA. In addition, IP-I

resembled the Sphinx and pyramid behind, IP-II the profile of the

Pomeranian dog's face, and IP-III an auger screw tip. The CH type

appeared different to all the other anatomical types with no clear

resemblance of any known object.

TABLE 1 Anatomical types of the inner ear identified along with the A- and B-values and the angular depth of the lateral wall traced

Anatomical types (no. of CT scans)

A-value (mm) B-value (mm)
Angular depth of
LW traced (�)Mean (SD) Range Mean (SD) Range

NA (11) 9.0 (0.6) 8.1–10.1 6.6 (0.5) 5.8–7.7 540�

EVAS (24) 8.8 (0.4) 8.2–9.5 6.2 (0.3) 5.3–6.7 540�

IP-II (12) 8.4 (0.7) 7.6–9.7 6.1 (0.5) 5.5–7.0 450�

IP-I (22) 8.3 (0.5) 7.3–9.5 5.6 (0.6) 4.2–6.5 360�

IP-III (11) 7.9 (0.4) 7.4–8.5 5.2 (0.5) 4.5–6.1 360�

CH (14) 7.8 (1.1) 6.6–9.4 5.2 (1.1) 3.2–6.9 360�/450�/540�

Classic CC (8) - - - - -

VC (10) - - - - -

Note: The order of the anatomical types given below are based on in the ascending order of severity.

Abbreviations: CC, common cavity; CH, cochlear hypoplasia; EVAS, enlarged vestibular aqueduct syndrome; IP, incomplete partition; LW, outer wall

length; NA, normal anatomy; SD, standard deviation; VC, vestibular cavity.

F IGURE 2 Angular turn of
the lateral-wall traced manually
with the help of cross-hair feature
(screenshots from OTOPLAN®)
from different inner ear
malformation types other than
common cavity and vestibular
cavity. Normal anatomy (A),
enlarged vestibular aqueduct (B),
incomplete partition type I (C),
incomplete partition type II (D),
incomplete partition type III (E),
and Cochlear hypoplasia (F)

F IGURE 3 The cochlear view of a classic common cavity and a
vestibular cavity showing a cystic appearance
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Within the single cavity type, the line drawn along the poste-

rior wall of the IAC seen in the axial view differentiates the CC

when the line passes through the cavity separating the cochlear

portion above the line and the vestibular portion below the line. In

CA with VC, the cavity lies beyond the straight line. Figure 5 shows

the axial view of the cystic type of inner ear with the red line of

the cross-hair drawn along the posterior edge of the IAC in the

axial view.

3.3 | Flowchart for identifying IEM types

Based on the above findings, the flowchart shown in Figure 6

describes a three-step sequential process for the accurate identifica-

tion of IEM types. In Step 1, the A-value measured from the cochlear

view is used to approximately differentiate NA, EVAS, IP type I, and II

types (>8 mm) from IP-III and CH types (<8 mm). The B-value mea-

sured from the cochlear view can also approximately differentiate NA,

EVAS, IP type I, and II types (>5.5 mm) from IP-III and CH types

(<5.5 mm). However, both the A- and B-values alone cannot confirm

the anatomical types accurately as the A-value range extend up to

8.5 mm in IP type III and 9.4 mm in CH type and the B-value range

extend up to 6.1 mm in IP-III and 6.9 mm in CH types. Step 1 is man-

datory to obtain the cochlear view to perform Step 2. In Step 2, in the

cochlear view, an angular turn of LW of 540� was determined as the

cut-off value to differentiate NA, EVAS, and CH types from other ana-

tomical types. An angular turn of LW of 450� may indicate IP-II or CH

types. Whereas, an angular depth of LW of 360� may indicate IP-I,

IP-III or CH types. In Step 3, the true mid-modiolar section of the

inner ear is obtained by cutting the cochlea through the A-value line

created in the cochlear view to get the optimal axial view. The outer

contour of the mid-modiolar section of the inner ear resembling Alad-

din's lamp from Step 3 together with the 540� of angular turn of the

LW in the cochlear view from Step 2 confirms NA type. The outer

contour of the mid-modiolar section of the inner ear resembling Alad-

din's lamp from Step 3 together with EVA and 540� of angular turn of

LW in the cochlear view from Step 2 is a strong indicator for EVAS.

The outer contour resembling the profile of Pomeranian dog face

together with EVA from Step 3 and 450� of angular turn in the

cochlear view from Step 2 is a strong indicator for IP-II. The Sphinx

Pyramid resemblance of the outer contour of the mid-modiolar

section from Step 3, together with 360� angular turn of LW in the

cochlear view is a strong indicator for IP-I type. An auger screw tip

resemblance of the outer contour of the mid-modiolar from Step

3 section together with 360� angular turn of LW in the cochlear view

is a strong indicator for IP-III type. Any angular turn (360�, 450�, or

540�) in the cochlear view together with an outer contour of the mid-

modiolar section that does not resemble any of the known objects

F IGURE 4 Axial view captured in OTOPLAN® showing the mid-modiolar section of the various anatomical types of inner ear malformations
(top panel), outer contour of the mid-modiolar section of the inner ear (middle panel), and the known objects resembling the outer contour
(bottom panel).

F IGURE 5 Red line drawn along the posterior edge of the internal
auditory canal in the axial view from OTOPLAN® distinguishes the
cochlear (C) and the vestibular portion (V) in classic common cavity
from the isolated vestibular portion in cochlear aplasia vestibular
cavity.13
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mentione and showing a clear absence of EVA may indicate CH. The

cystic type of inner ear is easily distinguishable from other anatomical

types. The line drawn along the posterior edge of IAC as visualized in

the axial view (mid-modiolar section) separating the cochlear and the

vestibular portion helps to differentiate classic CC from VC type.

4 | DISCUSSION

Identification of IEM types helps place the CI electrode optimally

and to effectively minimize the surgical complications that are

characteristics of certain IEM types. This study aimed to develop

F IGURE 6 Suggested flowchart illustrating the sequential steps to follow in the identification of the inner ear anatomical types
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an effective and comprehensive method to identify IEM types that

can be applied by clinicians with any level of experience. A flow-

chart with three sequential steps to identify IEM types is

presented.

The three sequential steps given in the flowchart to identify the

anatomical types were successfully applied to all the 112 CT scans in

this study. Previously,9 we reported on the A-value measurement in

the cochlear view which is Step 1 of the current study. It is interesting

to see the A-value is clinically measured even in the malformed type

as recently reported by Wimmer et al. in 2022.14 In that report, IP

type II was reported to have A-value of >8 mm which is in-line with

the finding of this current study. Our earlier report on the observation

of the outer contour of the mid-modiolar section of the inner ear is

the Step 3 of the current study.4 The addition of new Step 2 now

enables a systematic evaluation of the pre-operative images in the

identification of different IEM types. The flowchart proposed for the

identification of inner ear anatomical types was based on the observa-

tions made from all 112 CT scans, which itself can be considered as

validation of the flowchart.

Discussing Step 2 in detail, the angulation of the LW captured in

the single image slice corresponding to the cochlear view of the

cochlear basal turn revealed that specific anatomical types have cer-

tain angular extension of the LW. The cross-hair function in the

OTOPLAN® simplifies the observation of the angular extension of the

LW and every quadrant corresponds to 90� of incrementation. The

LW was angularly followed up to 540� consistently in the NA, EVAS,

and CH types, 450� in IP-II and CH types and 360� in IP-I, -III, and CH

types. This was in consensus among all the three observers.

While most inner ear anatomical types can be identified either

from the cochlear view or from the mid-modiolar section, CH needs

more attention. The angular turn of the LW of the cochlear basal turn

in the CH type is not uniform as seen in other anatomical types and

the outer contour of the mid-modiolar section may resemble EVAS or

IP-II. Consequently, the absence of EVA and distorted appearance of

vestibular portion may help to differentiate CH as shown in Figure 7.

Out of 14 CH samples, the vestibular portion was almost absent in

five samples (S2, S3, S4, S8, and S11), lateral semicircular canal was

underdeveloped in three samples (S1, S7, and S9) leaving the other six

F IGURE 7 Fourteen samples
within cochlear hypoplasia type in
the axial view to visualize the
appearance of the vestibular
portion. Samples S2, S3, S4, S8,
and S11 shows the absence of
vestibular portion. Samples S1,
S7, and S9 shows
underdeveloped lateral semi-

circular canal. Samples S5, S6,
S10, S12, S13, and S14 shows the
normal presence of the vestibular
portion.
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samples with almost normal presence of the vestibular portion. 3D

segmentation of the inner ear is a valuable tool specially to differenti-

ate CH type, when the three-step process proposed in this study is

inconclusive.

The very first classification of IEM types was proposed by Jackler

et al. in 1987 based on the time of developmental arrest during

embryogenesis.15 In 2002, Sennaroglu et al.16 reported radiological

findings differentiating IP-I which is characterized by a cystic cochlear

portion from IP-II which has a further developed cochlear basal turn

with a cystic apex. In 2021, Grover et al.17 reported a new classifica-

tion of cochleovestibular malformation by specifically looking at the

cochlear morphology, the modiolus, and the lamina cribrosa without

considering IEM types that are associated with EVA. None of these

reports on the classification of IEM types involved any systematic

manner of visualizing the inner ear in both cochlear view and the mid-

modiolar section.

The current study reported a sample size of 112, which is big

compared to previous reports14–16 and is considered sufficient to

describe a classification of IEM types. The proposed step-by-step

approach to evaluate pre-operative images enables a comprehensive

approach in the identification of IEM types. Grover et al.,18 Thong

et al.,19 and Alanazi et al.20 reported of varying cochlear size based on

ethnicity which needs to be critically considered in the lights of all

112 CT scans used in this study were from one particular geographical

location. This is one of the limitations of this study and the proposed

flowchart needs validation applying CT scans of inner with varying

anatomical types from other geographical location and ethnicity.

5 | CONCLUSION

The systematic application of the three-step process proposed in this

study is a novel method in the identification of IEM types. The visual-

izing inner ear in both cochlear view and the mid-modiolar

section enables to capture every key anatomical structure of the inner

ear in the identification of anatomical types.
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