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ARTICLE INFO ABSTRACT

Keywords: Introduction: The preoperative determination of suitable electrode array lengths for cochlear implantation in
Cochlear duct length inner ear malformations is a matter of debate. The choice is usually based on individual experience and the use of
A-value

intraoperative probe electrodes. The purpose of this case series was to evaluate the applicability and precision of
an angular insertion depth (AID) prediction method, based on a single measurement of the cochlear base length
(CBL).

Methods: We retrospectively measured the CBL in preoperative computed tomography (CT) images in 10 ears (8
patients) with incomplete partition type 2 malformation. With the known electrode length (linear insertion
depth, LID) the AID at full insertion was retrospectively predicted for each ear with a heuristic equation derived
from non-malformed cochleae. Using the intra- or post-implantation cone beam CT images, the actual AID was
assessed and compared. The deviations of the predicted from the actual insertion angles were quantified (clinical
prediction error) to assess the precision of this single-measure estimation.

Results: Electrode arrays with 15 mm (n = 3), 19 mm (n = 2), 24 mm (n = 3), and 26 mm (n = 2) length were
implanted. Postoperative AIDs ranged from 211° to 625°. Clinical AID prediction errors from —64° to 62° were
observed with a mean of 0° (SD of 44°). In two ears with partial insertion of the electrode, the predicted AID was
overestimated. The probe electrode was intraoperatively used in 9/10 cases.

Conclusion: The analyzed method provides good predictions of the AID based on LID and CBL. It does not account
for incomplete insertions, which lead to an overestimation of the AID. The probe electrode is useful and well
established in clinical practice. The investigated method could be used for patient-specific electrode length se-
lection in future patients.

Insertion depth
Mondini dysplasia
Incomplete partition type 2

1. Introduction

Congenital sensorineural hearing loss affects 2-4/1000 children [1,
2], with up to 20-25% of the cases being associated with inner ear
malformations, depending on the population [3,4]. According to the
morphological classification of Sennaroglu & Saatci (2002), the
incomplete partition type 2 (IP-2) describes a hypoplastic cochlea with
1.5 turns, in which the middle and apical turns coalesce to form a cystic
apex [5,6]. It is associated with a dilated vestibule and enlarged
vestibular aqueduct (EVA) [5,7]. The simultaneous presence of all three

malformations is commonly referred to as "Mondini dysplasia” [5,7,8].
The responsible developmental arrest in the embryonic period is thought
to be in the seventh week, resulting in osseous malformations [3,5] as
well as immaturity of neuronal tissue [9,10].

Profound sensorineural hearing loss due to IP-2 malformations is an
indication for a cochlear implant (CI) [6,11-13] with favorable out-
comes comparable to children undergoing CI without inner ear mal-
formations [14]. Precondition is the identification of the cochlear nerve
in magnetic resonance tomography [15]. However, CI surgery can be
challenging in cases of inner ear malformations due to possible
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abnormal course of the facial nerve, endolymphatic gusher or morpho-
logical abnormalities that hinder optimal placement of the CI array [6,
16]. Morphometric analyses demonstrated that malformed inner ears
have a significantly smaller cochlear base length (CBL) and width, and
also smaller tilt angles between the first and second turn compared to
non-malformed inner ears [17,18].

The clinical applicability of a preoperative estimation of appropriate
electrode array lengths for specific insertion depths are currently
intensely investigated [8,11,18,19]. The insertion depth of an electrode
array is characterized as angular insertion depth (AID, in degrees) or
linear insertion depth (LID, in mm). In malformed inner ears, the elec-
trode array choice is usually based on surgical experience and the
intraoperative use of probe electrodes. Only few recommendations are
found based on neuroradiological imaging. For IP-2 malformations, Flex
24 or Form 24 are proposed to achieve one full turn without taking the
CBL into account [8,11]. Based on high-resolution CT, an actual AID of
maximum 450-540° was suggested [18,19].

In the presented case series, we aimed to apply a single-measure
method for estimating AIDs in malformed cochleae [20]. We hypothe-
sized that the existing equation, which showed beneficial clinical
applicability [19] for non-malformed cochleae, could be applied to es-
timate the AID in malformed cochleae and facilitate the electrode array
choice in pediatric cases with IP-2.

2. Patients and methods
2.1. Study design and data collection

We performed a retrospective cross-sectional study including all
children with IP-2 malformation who received a CI between 2013 and
2021. Formal ethical approval was not required by the local institutional
review board for this kind of case series. The study was performed ac-
cording to the declaration of Helsinki.

We analyzed pre- and intra- or postoperative computed-tomography
(CT) and cone beam computed-tomography (CBCT) scans. Cases with
missing pre- or postoperative imaging were excluded. Epidemiologic
data on age and sex, as well as the medical history and context, were
extracted from the medical records. Surgical reports provided informa-
tion about surgical approach, use of probe electrode and decision of the
electrode array and the insertion success (full/partial insertion based on
surgeon’s assessment and intra- or postoperative imaging). Audiologic
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reports included data from the intraoperative neural response telemetry,
impedances, number of postoperatively activated electrodes, speech
understanding, and user satisfaction. The following paragraphs explain
the applied method. The equation was originally presented and vali-
dated in a Thiel-fixed temporal bone study [20]. Its usefulness and
clinical applicability in normal cochleae was confirmed in a study by
Rathgeb et al. [19].

2.2. Preoperative angular insertion depth prediction

To measure the dimensions of the basal turn, the cochlea needs to be
correctly visualized [20]. We retrospectively measured the cochlear
base length (CBL) in preoperative CT (Siemens SOMATOM, slice thick-
ness: 0.4 mm, field of view: 80 mm, voxel size: 0.156 x 0.156 x 0.200
mm?, effective dose ~2.0 mSv) images using our clinical PACS system
(SECTRA IDS7, Linkoping, Sweden). For visualization, we aligned an
oblique slice through the basal turn that is orthogonal to the modiolar
axis [21]. An example of the measurement is illustrated in Fig. 1a. After
assessment of the CBL, the following heuristic equation was used to
estimate the angular insertion depth (AID) in degrees for a defined
electrode array length (LID) in mm and CBL in mm [20]:

AID = 248.(6LID/(2‘434 CBL) _ 1)

For lateral wall electrode array insertion depth estimation, a free
interactive calculator is available online (www.artorg.unibe.ch/researc
h/hrl/data/ci_insertion_depth_estimator). The equation estimates the
radiological position of the center of the most apical electrode. As the
silicone tip of the electrode array is not visible in the radiograph, the LID
needs to be corrected depending on the electrode array type. For
example, in the case presented in Fig. 1, an electrode array with 15 mm
length and an approximately 0.5 mm long silicone tip (Compressed
array, MED-EL) was used. Therefore, the corrected LID value is 14.5 mm
(15-0.5 mm). With a CBL of 8.2 mm this results in a predicted AID of:

248 . (614.5/(2.43-8.2) _ 1) —265°

Other free-fitting electrode array types have different silicone tip
lengths, which should be taken into account for the estimation (e.g., ~1
mm for MED-EL Flex series and ~0.5 mm for Form'®, Compressed, or
Medium arrays; ~0.5 mm for Advance Bionics HiFocus 1j® arrays; ~0.5
mm for Cochlear Slim Straight® arrays; ~1 mm for Oticon Medical
Evo® arrays).

AID = 325°

Fig. 1. Radiological assessment of the cochlear base length (CBL) and angular insertion depth (AID) using multiplanar reconstruction. a) In the preoperative image,
the basal turn is visualized and the round window (RW), the center of the modiolus in the basal turn (C), and the lateral wall intersection (LW) are identified. The
cochlear base length (CBL) is measured between the RW and LW landmarks. b) Postoperative visualization of the basal turn with inserted electrode array (15 mm
length, corrected 14.5 mm, MED-EL Compressed). The AID is measured between the zero-degree reference line passing through the RW and the most apical elec-

trode (EL1).
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2.3. Ground truth for angular insertion depth and clinical prediction error

We assessed the AID ground truth, i.e., the achieved insertion depth
in intra- or postoperative CBCT (Xoran XCAT, slice thickness: 0.3 mm,
field of view: 140 mm, voxel size: 0.3 x 0.3 x 0.3 mm?, effective dose
~0.4 mSv) images using our clinical PACS system (SECTRA IDS7,
Linkoping, Sweden). The center of the round window and the center of
the modiolus in the basal turn were identified to define the zero degree
reference line [19,22]. The AID was then measured from the zero degree
reference line to the center of the most apical electrode as illustrated in
Fig. 1b [19].

We calculated the clinical prediction error as the difference between
the predicted AID (using the preoperative images and equation) and the
actual postoperative AID (postoperative ground truth) [19]. For the
example presented in Fig. 1, the clinical prediction error was 265-325 =
—60°, indicating an underestimation of the electrode array insertion
depth.

3. Results

In our institution, nine children with IP-2 malformation were
unilaterally or bilaterally implanted with a CI between 2013 and 2021.
In all cases, MED-EL (Innsbruck, Austria) implants were used. Preoper-
ative (CT) and intra- or postoperative (CBCT) images of 8 children (6
right ears, 4 left ears) were analyzed for this study. One child did not
receive postoperative imaging and was excluded. A summary of all cases
is presented in Table 1. The mean age at implantation was 5 years and 4
months, ranging from 10 months to 8 years and 8 months. The contra-
lateral ear was in 2 cases a combined cochlea and cochlear nerve aplasia,
in 6 cases also an IP-2 malformation, in one case hearing loss of un-
known cause. Only one child had a normal contralateral ear and hearing.

3.1. Angular insertion depth and clinical prediction error

Pre- and postoperative radiograph-based AID outcomes are sum-
marized in Table 2. Overall, postoperative AIDs from 211° to 625° were
observed. The average CBL was 8.5 mm (standard deviation 0.4 mm).
The clinical AID prediction error ranged from —64° (underestimation) to
62° (overestimation). The average clinical prediction error was
0° (standard deviation of 44°). For partial CI array insertions (2 cases),
the predicted AID was always overestimated (i.e., positive clinical

Table 1
Overview of investigated cases with IP-2 malformation.

Case  Sex Side Age at Medical history/context
implantation
1 Female Right 1.0y Cochlear and cochlear nerve aplasia
left
2 Female Right 8.3y Constitutional growth delay
3* Female  Left 6.6y Otogenic meningitis after otitis

media (right) with labyrinthitis and
mastoiditis, bilateral vestibulopathy,
neurological deficiencies, panel for
genetic hearing loss non-conclusive
See case 3

Mild contusion capitis followed by
hearing loss and perilymphatic
fistula

No other pathologies

4* Female Right 6.7y
5 Female Right 8.3y

6% Female Right 29y

7% Female  Left 7.6y No other pathologies

8 Male Left 0.8y Cochlear and cochlear nerve aplasia
right

9 Female Right 8.7y USH2A missense-mutation. Patent

ductus arteriosus, cerebral palsy,
psychomotor development delay,
optic atrophy

Unclear syndromal disease,
vesicoureteric reflux, speech-delay

10 Male Left 29y

*,** Cases of bilateral implantation in the same subjects.
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prediction error). Two cases of full insertions were inserted beyond the
silicon stopper of the electrode array.

3.2. Surgical and functional outcomes

The surgical and functional implantation outcomes are presented in
Table 3. In 9 of 10 cases the use of a probe electrode before CI array
insertion was reported. Among these, in five cases, a smooth insertion of
the probe electrode was possible. In the remaining four cases, the sur-
geons encountered resistance and decided to choose shorter electrode
arrays. Neural response telemetry showed large variability in outcomes
ranging from no responses at all to normal responses with all electrodes.
Interestingly, the responses were not consistent with the functional
outcomes. Word recognition scores in the German Freiburg mono-
syllabic word list ranged from 25 to 85%. Testing was not yet performed
in 3 cases and the postoperative interval for testing was not homoge-
neous in the other cases.

4. Discussion

In the presented case series of IP-2 malformations, we analyzed the
applicability of a single-measure method based on CBL for AID predic-
tion. Postoperative AIDs (211°-625°) and clinical AID prediction errors
(—64°-62°) were observed with a mean clinical prediction error of 0°.
The probe electrode was used in 9/10 cases and encountered resistance
in 4 cases. As already suggested by another applicability study we found
the method overestimates the AID due to the occurrence of unexpected
partial insertions [19]. Partial insertions were expected as cochlear
implantation in inner ear malformations lead to more incomplete in-
sertions than in normal cochleae [6].

Overall, the used heuristic equation provided useful predictions of
the AID for a given LID and CBL [20]. For IP-2 malformations, Flex24 or
Form24 are generally proposed to achieve one full turn without taking
the CBL into account [8,11]. The hereby evaluated estimation method
may be a step toward patient-specific electrode array selection [18,23,
24]. A patient specific recommended LID (resp. electrode length) could
be calculated based on a target AID and the CBL (Fig. 2).

However, no target AID for IP-2 malformation has been described
yet. Based on high-resolution CT, an actual AID of maximum 450-540°
was suggested [18,19]. Interestingly, our results show AIDs of more than
540 up to even 625° (1.7 turns), which were inserted without resistance.
However, 540° AID should not be used as target, since it may be
underestimated, and the electrode consecutively inserted too deep. In
this context, potential complications are the rupture of the basilar
membrane, other internal structures or the dislocation into the scala
vestibuli [25-27]. On the other hand, it is desirable to maximize
cochlear coverage to potentially improve neural tissue stimulation and
thus outcome [28,29]. IP-2 malformations have fewer ganglion cells in
the first 1.5 turns [9,30]. A histopathological study showed that
radiological-pathological correlation can even be inconsistent. They
reported an IP-2 malformation, where internal structures were found in
the basal, middle and even apical turn [31]. However, the
above-mentioned complications associated with insertion-trauma may
limit such deep insertions. Our results revealed an underestimation of
the AID of 60° and 64° degrees in two cases. Since an AID of 540° is
considered to be the maximum, a target AID of up to 450° can be
considered safe [18].

In the future, a prospective evaluation of the LID prediction (elec-
trode length) based on the measurement of the CBL would be an inter-
esting topic. A tentative proposed AID target range for cochlear
implantation in IP-2 malformations of e.g. one full turn up to 450°
should be evaluated [8,11,18,19]. An overview of proposed electrode
array lengths for different angular insertion depths and cochlear base
lengths is provided in Fig. 2. This suggestion can be considered as a rule
of thumb for a basic clinical application and needs to be refined,
depending on the cochlear anatomy e.g., the number of available turns.
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Table 2
Radiological outcomes: Preoperative prediction and postoperative angular insertion depth (AID).

Case  Inserted Full array length Corrected array length CBL Predicted AID Actual AID Clinical prediction error Inserted
Electrode (mm) (mm) (mm) (@) ©) ©) electrodes
array

1 Form 19 19 18.5 8.1 387 378 9 Full (12/12)

2 Flex 24 24 23.0 8.7 488 440 48 Full (12/12)

3% Compressed 15 14.5 8.2 265 325 —60 Full (12/12)*

4% Compressed 15 14.5 8.3 261 230 31 Partial (11/12)

5 Flex 24 24 23.0 8.4 517 524 -7 Full (12/12)

6% Compressed 15 14.5 8.8 241 211 30 Full (12/12)

7%* Flex 24 24 23.0 8.9 470 408 62 Partial (10/12)

8 Flex 26 26 25.0 9.2 511 550 -39 Full (12/12)

9 Form 19 19 18.5 8.1 387 393 —6 Full (12/12)

10 Flex 26 26 25.0 8.7 561 625 —64 Full (12/12)*

*,** Cases of bilateral implantation in the same subjects.
@ Cases of over inserted electrode arrays.

Table 3
Summary of surgical and functional implantation outcomes.

Case Surgical approach Notable details Intraoperative use of probe electrode ECAP responses Activated electrodes User satisfaction

1 RW Gusher Used, no array change 1to11 12/12 Very good

2 RW Used, no array change 1to12 12/12 Initially good, later non-user
3* (¢e] Scar tissue in the cochlea Used, switched to compressed 2 and 9 12/12 Very good

4* RW Used, switched to compressed No responses 12/12 Very good

5 RW Used, no array change 1to11 12/12 Very good

6% RW Gusher Used, switched to compressed 1to12 12/12 Very good

7% RW Gusher Unknown 1to10 10/12 Very good

8 RW Used, no array change 1to12 12/12 Unknown

9 RW Used, switched to Form19 1to12 12/12 Recent implantation
10 RW Used, no array change 1to12 12/12 Recent implantation

*,** Cases of bilateral implantation in the same subjects.

540

450

360

Angular insertion depth (°)

270
7.5 8 8.5 9 9.5 10

Cochlear base length (mm)

Fig. 2. Electrode array lengths in millimeters depending on cochlear base
length and targeted angular insertion depth. Electrode array lengths were
estimated using the heuristic equation reported in Anschuetz et al. [20]. The
array lengths indicate the radiologically visible electrode contacts and do not
include the invisible silicone tip.

Nowadays, an intraoperative probe electrode can be used to determine
the most suitable electrode length. However, the probe electrode may
cause itself a trauma to the endocochlear membranous structures.
Ideally, the presented prediction method could possibly replace the
probe electrode in the future and allow insertion with less trauma.
Only in one case, a reduced number of electrodes were activated
postoperatively (10/12 electrodes). Of all inner ear malformations, the

group of incomplete partitions was reported to have the same number of
activated electrodes postoperatively as control patients (10.5 vs 10.25
electrodes, 12 potential electrodes) [10]. All inner ear malformations
together have significantly fewer activated electrodes on average (8.25
electrodes) [10]. We expected a wide variability in neural response
telemetry, since the otic epithelium during the embryonic phase and the
number of ganglion cells are reduced and the exact distribution of neural
tissue is not entirely known [9,10]. In our case series, gusher occurred in
3 out of 10 cases. In IP-2 cases with enlarged vestibular aqueduct (n =
197), gusher occurs in 48.6% of all cases without impact on speech
perception or language outcomes [14].

IP-2 malformations may be missed in newborn hearing screening,
since they manifest from severe hearing loss to normal hearing at young
age [7,8]. Therefore, regular hearing checks in pediatric routine
screening to detect progression and early intervention are of major
importance [32]. Case 4 showed progressive hearing loss after mild head
trauma which has been suggested to be a progression factor [7]. Since a
short duration of profound deafness is one of the most important positive
predictor of audiological outcome and speech perception, a favorable
result was possible even at a relatively old age (Case 4: 8.3 y) [33,34].

With the viewer we used, the interobserver variability is considered
low [19]. Different imaging modalities (i.e., preoperative CT vs. post-
operative CBCT) were used in the process. In the case of congenital
malformations in children, our standard protocol involves the use of
CBCT imaging, because it provides reduced radiation while enabling to
detect electrode contacts with sufficient accuracy [19,25].

4.1. Limitations

Our study is limited by its retrospective nature and the small number
of included ears. Not the precision of electrode lengths prediction, rather
the precision of an AID prediction method was analyzed. The method
cannot predict the occurrence of incomplete insertions. Electrode arrays
from a single manufacturer were analyzed, which reduces the strength
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of the study. In an overview of cochlear implant electrode array designs,
other manufacturers and the key features of cochlear implants are
described [24]. The method is based on the measurement of a single
value (CBL), which is defined in cochleae with normal anatomy and is
significantly smaller in inner ear malformations [17,18]. The CBL does
not capture the full complexity of inner ear morphology [16]. Moreover,
the prediction method relies on the identification of anatomical land-
marks resulting in inter- and intra-rater variability and introducing
additional estimation errors [35,36].

5. Conclusion

The analyzed method is able to provide good predictions of the AID
based on LID and CBL. It does not account for incomplete insertions,
which lead to an overestimation of the AID. To use the method for
preoperative selection of the electrode array length, a target AID needs
to be defined.
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