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Original Study

Drafting a Surgical Procedure Using a Computational Anatomy
Driven Approach for Precise, Robust, and Safe Vestibular
Neuroprosthesis Placement—When One Size Does Not Fit All

*Bart F. Seppen, *Marc van Hoof, *Joost J. A. Stultiens, *Thomas van den Boogert, {Nils Guinand,
tJean-Philippe Guyot, *IHerman Kingma, fAngelica Pérez Fornos, §Stephan Handschuh,
YRudolf Glueckert, ||Linda Jacobi, §Annelies Schrott-Fischer,
€Lejo Johnson Chacko, and *{Raymond van de Berg

*Department of Otorhinolaryngology and Head and Neck Surgery, Maastricht University Medical Centre, Maastricht, Netherlands,
fDivision of Otorhinolaryngology and Head-and-Neck Surgery, Department of Clinical Neurosciences, Geneva University Hospitals,
Geneva, Switzerland; 1Faculty of Physics, Tomsk State University, Tomsk, Russia; §VetCore Facility for Research, Veterinary
University Vienna, Vienna, YDepartment of Otorhinolaryngology, Medical University Innsbruck, Innsbruck, Austria; and
|[Department of Radiology and Nuclear Medicine, Maastricht University Medical Center, Maastricht, The Netherlands

Objective: To design and evaluate a new vestibular implant
and surgical procedure that should reach correct electrode
placement in 95% of patients in silico.

Design: Computational anatomy driven implant and surgery
design study.

Setting: Tertiary referral center.

Participants: The population comprised 81 patients that had
undergone a CT scan of the Mastoid region in the Maastricht
University Medical Center. The population was subdivided
in a vestibular implant eligible group (28) and a control
group (53) without known vestibular loss.

Interventions: Canal lengths and relationships between land-
marks were calculated for every patient. The relationships in
group-anatomy were used to model a fenestration site on all
three semicircular canals. Each patient’s simulated individual
distance from the fenestration site to the ampulla was
calculated and compared with the populations average to
determine if placement would be successful.

Main Outcome Measures: Lengths of the semicircular
canals, distances from fenestration site to ampulla (intrala-

byrinthine electrode length), and rate of successful electrode
placement (robustness).

Results: The canal lengths for the lateral, posterior, and super-
ior canal were respectively 12.1mm=£ 1.07, 18.8mm=£ 1.62,
and 17.5mm=+ 1.23, the distances from electrode fenestration
site to the ampulla were respectively 3.73 mm +0.53,
9.02mm=+0.90, and 531 mm=+0.73 and electrode insertions
were successful for each respective semicircular canal in 92.6%,
66.7%, and 86.4% of insertions in silico. The implant electrode
was subsequently revised to include two more electrodes per
lead, resulting in a robustness of 100%.

Conclusions: The computational anatomy approach can be
used to design and test surgical procedures. With small
changes in electrode design, the proposed surgical procedure’s
target robustness was reached. Key Words: Computational
anatomy—Electrode lead—Semicircular canal—Vestibular
implant—Vestibular loss—Vestibular prothesis—Vestibular
surgery.

Otol Neurotol 40:S51-S58, 2019.

Principles and Strategies in
Designing Surgical Interventions
Surgical procedures are conventionally designed based
on expert insights, professional preferences and personal
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experience, resembling traditional craftsmanship. Cur-
rently, only a selection of potentially innovative proce-
dures can be thoroughly evaluated in clinical practice.
Therefore, the development of new surgical procedures is
limited and complex. Over time, the burden of compli-
cations in case of possible harms or the incidence of
suboptimal clinical results accumulates before its aban-
donment or succession. Moreover, the time spent using a
suboptimal intervention contrasts with the total harms
done and benefits received implementing better inter-
ventions. In consequence, time taken to reduce the
amount of resources and time required for surgical

Copyright © 2019 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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innovation should be reduced. Indeed, it has been widely
recognized that methods for surgical innovation should
be restructured, which led to the development of the
IDEAL framework (1,2). This framework describes the
stages of innovation in surgery and makes a set of
recommendations for each stage. It was set to reduce
the amount of resources and time required for surgical
innovation. The process of implementing new surgical
procedures has been started but should be further studied
to make quicker advancements in the strategy for
improvement and innovation in clinical care.

Incentive and Challenge Identification for
Apprehending Vestibular Deficiency

Here, the strategy and further development of a novel
type of neuroprosthesis, a vestibular implant is considered
(3—6). The vestibular implant aims to address peripheral
vestibular function loss, which hitherto has remained
clinically unattended to (7). Bilateral vestibular deficiency
affects approximately 28 out of 100,000 adults (64,046
in total) in the United States of America (8). Every year,
between 6405 and 25,618 quality-adjusted life years
(QALYs), based on a healthy utility gain of 0.1 to
0.4 for 50 to 100% restoration (7), are thus approximately
collectively lost in the United States of America
alone until a treatment is available. With a cost-effective
threshold of $50,000 per QALY, this results in $320
million to $1.3 billion per year that can be commercially
exploited.

The current prototype vestibular implant operates with
up to three electrode leads in the semicircular canals of
the inner ear. Each lead contains a single electrode on the
distal tip, intended for surgical placement in the ampulla
of the lateral, posterior and superior semicircular canal.
In this way, the electrodes are presumably close to the
innervating vestibular nerve fibers (9,10). This device
aims to replace the missing information from impaired
vestibular organs by stimulating these nerve fibers, to
restore the subject’s abilities such as gaze stabilization
(oscillopsia, impaired vestibulo-ocular reflex), spatial
orientation, and body posture control.

The surgical procedure faces several challenges, par-
ticularly that of hearing preservation. Minimal invasive-
ness is thought to be essential when handling the
(membranous) labyrinth, incorporated in the vestibule,
semicircular canals, and cochlea. The correct placement
of the intralabyrinthine electrodes requires entering the
labyrinth for optimal vestibular excitation (11-13). In
stark contrast with cochlear implant surgery, the elec-
trode placement of the individual vestibular implant leads
can fail not just once, but in all three cupulas of the
semicircular canals. The procedure is further complicated
by the inter-individual variation in morphology of the
labyrinth and lack of visibility (14,15). During surgery
the target structure and electrode cannot be directly
inspected or visualized. The distance from the point of
introduction of the electrode lead, through the semicir-
cular canal to the ampulla is unknown for each individual
subject. Electrodes could be placed not far enough,
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failing to adequately stimulate the nerve endings, or
too far, increasing the chance of cross-excitation, damage
to the membranous labyrinth and/or possibly hearing
loss. The surgeon can possibly feel the resistance during
lead insertion by means of tactile feedback. However,
this is subjective and the relationship to trauma induction
or the rate of success is unknown. Alternatives such as
neuronavigation are currently unlikely to reach the
required accuracy and robustness to achieve this goal
directly (16). Furthermore, the surgical approach
employed in reaching the surgical plane for the semicir-
cular canals fenestration, also influences the distance
from the entrance of the semicircular canal to the
ampulla. So, variability in the surgical procedure, in
combination with inter-individual anatomical diversity,
and obscured positioning in relation to the targets (semi-
circular canal ampullae) in absence of objective feed-
back, all influence correct electrode placement and
the presence of harms. This complexity and interplay,
challenges the ability to have just one surgical procedure
and one vestibular implant electrode design with a high
overall success rate.

Drafting a Procedure for a Vestibular Implant Using
Computational Anatomy

Surgical procedure and implant design (i.e., electrode
length) can be studied simultaneously to evaluate its
paired success in terms of performance metrics. This
would reduce the complexity that exists when consider-
ing every individual factor alone. For that purpose and to
prevent many trial-and-error attempts in vivo, the surgi-
cal procedure in this investigation is performed in silico.
Open source imaging software is used to simulate the
surgical steps on the target population of interest, by
using computed tomography (CT) scans of vestibular
implant eligible patients (17). Using a computational
anatomy approach (18,19), the length of the three
electrodes can be calculated together with the accuracy
and robustness of the surgical procedure in the target
population.

Specifically, the objective of the procedure presented
here was to design and evaluate the surgical procedure
and vestibular implant individual electrode lengths to
attain a position within 1.0 mm from the center of the
ampulla and a success rate of 95% of correctly placed
electrodes in the target population.

MATERIALS AND METHODS

Ethics

This study was performed using readily available patient
records and CT-scans of Maastricht University Medical Centre
(MUMCH). All collected data were anonymized. The proce-
dures in this investigation were in accordance with legislation
(the Medical Research Involving Human Subjects Act) and
ethical standards on human experimentation in the Netherlands.
No approval was sought from an ethics committee, as this is not
required for retrospective studies. All patients of MUMC+
consent for retrospective studies upon treatment unless they
have previously explicitly opted-out.

Copyright © 2019 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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Patient Inclusion, Imaging, and Screening

Two groups of adult patients were considered for participa-
tion. The first group consisted of patients, eligible for future
vestibular implantation (vestibular implant eligible group).
Inclusion criteria consisted of a significant decline in peripheral
vestibular function and depleted rehabilitation options. The
former was defined as having a summed maximum slow phase
velocity below 20 degrees/s, measured with electronystagmog-
raphy during bithermal caloric testing, and/or low or no gain at
rotatory chair tests. The second group (control group) consisted
of patients without known vestibular function loss with an
available high quality CT-scans of the mastoid region in the
radiology database.

Eligibility screening was performed by one author (B.S.),
where after the CT-scans were judged on quality criteria. For
scans to be included, the imaging needed to visualize the inner
and middle ear, and have a maximal slice thickness of 0.6 mm.
Exclusion criteria consisted of CT-scan artefacts, obscuring the
region of interest, insufficient quality as assessed by the first
author (B.S.), significant pathology of the middle ear (e.g.,
cholesteatoma, chronic otitis media) and previous surgery of the
middle ear. In patients with two eligible sides (left and right
ear), one side was randomly selected.

Imaging Analysis

Image analysis and visualization were performed using the
open source 3D Slicer 4.3 software (The Brigham and Women’s
Hospital, Inc., Boston, MA) package (17). The ossicular chain,
the facial nerve, the tegmen tympani, and the semicircular
canals were manually segmented to reflect the most critical
components in otologic surgery. Fiducials were manually
applied (by B.S.) to the approximate center of the semicircular
canals and the three ampullae (Fig. 1).

Appurtenant 3D-coordinates were extrapolated to data-
points, using Mathematica 10.4 (Wolfram research, IL). The
data-points on the semicircular canals were interpolated to 100
evenly distributed data-points. All distances were calculated in
Euclidean 3-dimensional space.

Surgical Planning and Evaluation

The distance from the fenestration site, i.e., where electrode
lead insertion takes place, to the center of the ampulla (ampullar
distance) was calculated for each semicircular canal for all
patients. The aim was to rely on preexisting surgical landmarks
for the identification of the fenestration site. The fenestration
site for the lateral semicircular canal (LSCC) and posterior
semicircular canal (PSCC) could accordingly be selected.
However, no surgical landmarks were readily available for
identifying the optimal fenestration site of the superior semi-
circular canal (SSCC). Therefore, in a simulation, 100 evenly
distributed candidate fenestration sites over the course of the
SSCC were selected per patient. For each candidate fenestration
site the corresponding ampullar distance was calculated. Con-
sequently, the ratios of the distances between the already chosen
fenestration sites of the LSCC, PSCC, and all candidate-SSCC-
fenestration-sites (inter-fenestration distance, IFD) were calcu-
lated. Ultimately, the ratio between the IFDs that corresponded
with the lowest average deviation in the SSCC ampullar
distance for all patients was selected. In other words, one
optimal ratio that corresponded to the SSCC fenestration site
that would statistically achieve the most precise electrode
placement, on average, for all patients was selected (Fig. 2).

In the simulation the patients’ individual IFD of the LSCC
fenestration site to the PSCC fenestration site was utilized by
multiplying this distance with the calculated optimal ratios for
the IFD’s PSCC-SSCC and LSCC-SSCC. The two resulting

ANXYZ

FIG. 1. lllustration of the computational anatomy approach. A, CT of the head with a close up of the lateral semicircular canal. After
individual segmentation (as displayed in B) the facial nerve, incus, partial malleus, and the semicircular canals are separately segmented
and displayed in C (not represented to scale). D, The resulting composition of (C). E, Measurements are taken of the center line of the
semicircular canals and specific points are annotated in 3D (X, Y, 2) for further calculations on models such as displayed in D. The black dot
represents the tip of the incus and the lines of dark grey, grey, and transparant dots respectively represent the LSCC, PSCC, and SSCC (not

to scale).
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FIG. 2. Surgical guide for targeted superior canal fenestration
using triangulation. In the dark grey, transparant (dashed line), and
light grey (dotted line) fields, the fenestration site of the lateral,
posterior, and superior semicircular canal (LSCC, PSCC, SSCC)
is illustrated with a target vector. The shortest distance between
two fenestration sites on different canals is referred to as an inter-
fenestration distance (IFD). The light and dark “triangles” sche-
matically (2D representation) represent a part of the range of
possibilities, using the ratios amongst the IFDs, to encounter the
SSCC fenestration site.

distances are the IFD’s LSCC-SSCC and PSCC-SSCC. On a
two dimensional plane these two distances, originating at their
own separate fenestration sites, would give a circle of oppor-
tunities, in which the calculated distances equal the radii
(Fig. 2). The two circles intersect at two points, which, in three
dimensional space, would form a circle in which the two globes
intersect. In the end, the individuals’ closest candidate SSCC
fenestration site to the ‘‘intersection circle’” was selected as
fenestration site for the SSCC, for each patient. So ultimately,
ratios amongst IFD’s were the surgical guide to the SSCC.

The main outcome of the simulation in silico was the rate of
successful electrode placement. The proposed electrode lead
length, a secondary outcome, was calculated by using the
average of the ampullar distance per SCC (representing the
model for the electrode). This distance was then compared with
individual ampullar distances, for every patient’s SCC. Elec-
trode implantation was considered successful if there was a
difference of less than 1.0mm between the length of the
individual ampullar distance and the length of the average
ampullar distance. To evaluate potential surgical difficulties,
structures vulnerable to adverse events such as the tegmen
tympani and facial nerve were marked and the distance to
the surgical landmarks was calculated.

Statistical Analysis

Statistical analysis was performed using Wolfram Mathe-
matica 10.4 (Wolfram research, IL) and SPSS 24.0 (IBM Corp,
Armonk, NY). Descriptive statistics were used for the evalua-
tion of the surgical simulation. The outcomes of the two
different groups were compared, to evaluate whether possible
anatomical differences between the two patient groups would
influence the result. Main outcome measures (e.g., ampullar
distance and IFD) were compared using a Student’s ¢ test for
unpaired comparison of two groups in normally distributed
data. The side of analysis (Table 1) and the proximity of the
surgical guide to the superior canal were compared using the
test. A p-value of <0.05 was considered statistically significant.

Otology & Neurotology, Vol. 40, No. 58, 2019

TABLE 1. Patient demographics
VI Eligible

Control Group

Group n=28 n=>53 p-Value
Patient demographics
Mean age (SD) 62 (12) 56.5 (19) 0.168
Female gender 36% 51%
Diagnosis 0.232
No pathology 89% 66%
Middle ear pathology 7% 23%
SSC dehiscence 4% 8%
Other 0% 4%
Median year of scan 2013 2016 <0.01*
(min—max) (2006-2016)  (2016-2016)
Side of analysis (right) 50% 47% 0.308

Baseline characteristics are displayed. Statistical significant
differences are observed (*). Min indicates minimum; Max,
maximum; SD, standard deviation.

RESULTS

Patients

A total of 81 patients were included, 28 patients in the
vestibular implant eligible group and 53 patients in the
Control group (Table 1). The Control group consisted of
patients who underwent a CT scan with a slice thickness of
0.4mm (n=>53, Somatom Flash and Force CT, Siemens,
Germany). The Vestibular implant eligible group was
imaged with a slice thickness of 0.4 mm (Flash), 0.4 mm
(Force), 0.6mm (Sensation 16, Siemens, Germany) or
0.6 mm (Brilliance 64, Philips, The Netherlands). The cause
of vestibular loss varied in the vestibular implant eligible
group, frequent diagnosis included autosomal dominant
nonsyndromic deafness 9 and Meniere’s disease.

Surgical Procedure

It was assumed that a flawless canal wall up mastoid-
ectomy was performed before simulation. The algorithm
simulated a surgical procedure, following the sequence
outlined in Figure 3. The procedure started at the tip of
the incus. The closest point on the LSCC was identified
and selected as fenestration site. Hereafter, Donaldson’s
Line, an imaginary line drawn posteriorly from the
course of the LSCC, was identified (15). The intersection
of Donaldson’s line and the PSCC was considered as
the second site for electrode fenestration site. Lastly, the
algorithm that has previously been described under the
heading ‘‘surgical planning and evaluation’” encountered
the SSCC fenestration site. Note that specific surgical
tools should be developed to be able to use this method
in vivo.

Primary Outcome Measures
The placement of the electrodes within 1.0 mm of the
center of the ampulla for the LSCC, PSCC, and SSCC
was successful in respectively 92.6%, 66.7%, and 86.4%
of simulations. Notably, at least one electrode was placed
successfully in every patient (Fig. 4). The mean distance
and SD from the fenestration site to the ampulla, and thus

Copyright © 2019 Otology & Neurotology, Inc. Unauthorized reproduction of this article is prohibited.
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TABLE 2. Anatomic measurements and comparison between groups
VI Eligible Group n=28 Control Group n=53
Mean (SD) Median IQR (Q1-Q3) Mean (SD) Median IQR (Q1-Q3) p-Value
Lateral SSC (mm) 11.88 (1.21) 11.95 1.66 (11.0-12.7) 12.22 (0.97) 12.14 1.40 (11.4-12.8) 0.182
Posterior SSC (mm) 18.64 (1.56) 18.67 2.45(17.5-19.9) 18.93 (1.65) 19.03 2.68 (17.7-20.3) 0.438
Superior SSC (mm) 17.63 (1.44) 17.53 1.87 (16.7-18.6) 17.44 (1.18) 17.49 1.63 (16.7-18.3) 0.524

Baseline semicircular canal (SSC) lengths. No statistical differences (in means) were observed. IQR indicates interquartile range; Q1 and Q3,

first and third quartile respectively.

the proposed electrode lead length for the LSCC, PSCC,
and SSCC were 3.73 £0.53mm, 9.024+0.90mm and
5.13 £0.73 mm respectively. Differences between max-
imal ampullar distances and minimal ampullar distances
were 2.8mm (4.7, 7.5mm), 4.0mm (6.9, 10.9 mm),
8.5mm (4.1, 12.6 mm), respectively. No significant dif-
ferences between the two groups were encountered in
anatomy of the investigated patients (Table 2). The
closest proximity in the operational field to adverse event
prone structures was 0.1 mm and 0.6 mm for the tegmen
and facial nerve’s (Table 3).

The minimum variation in ampullar distance deviation
in the SSCC was found with a ratio of 0.59 between the
IFD LSCC-SSCC and IFD PSCC-SSCC. The consequent
average ratios for the IFDs LSCC-SSCC/LSCC-PSCC

and PSCC-SSCC/LSCC-PSCC were 1.49 and 0.87. Uti-
lizing these ratios, the distance of the simulation to the
center of the SSCC was on average 0.42mm (SD
0.30 mm), with a maximum of 1.33 mm and minimum
of 0.02mm. Assuming an average semicircular canal
inner diameter of 0.9 mm for the SSCC and a perfectly
round canal, in 46 cases the ratio would have led us
directly to the SSCC, in 76 to within 0.5 mm of the SSCC
and in all cases within 1 mm of the SSCC (Table 4) (11).

To reach the initial goal of the study an extra simula-
tion with an altered electrode design was performed. By
adding two extra electrode contacts per lead at a distance
of —1.0 and 1.0 mm from the current electrode contact,
the success rate per canal was elevated to respectively
100, 98.8, and 100% for the LSCC, PSCC, and the SSCC.

FIG.3. Landmarks and steps in the surgical procedure. A, Initially the surgeon acquires the correct surgical plane. B, The tip of the Incus is
identified (emphasized in dark grey (black line)) and the closest point of the lateral semicircular canal (illustrated in region circled by dashed
line) is selected as the fenestration site for lead insertion. C, Donaldson’s line, represented by the black dashed line, is followed over the
lateral semicircular canal to the point where it intersects the posterior semicircular canal, illustrated by the box with the dashed line. This box
illustrates the fenestration site of the posterior semicircular canal. D, As illustrated in Figure 2, ratios are used to localize the optimal superior

semicircular canal fenestration site.

Otology & Neurotology, Vol. 40, No. 58, 2019
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FIG. 4. Hits and misses: distances of fenestration sites to ampullae. The distribution of the distance of fenestration site in millimetres to
ampulla for: (A) the lateral semicircular canal (LSCA), (B) the superior semicircular canal (SSCA), and (C) posterior semicircular canal
(PSCA). Between the black dashed lines correct placements are shown (i.e., placements with the chosen electrode length, based on the
median, within 1.0 mm from the ampulla). The zones outside of the solid black lines indicate the outer 2.5% of the distribution of distances. D,
Number of correct placements of the electrode in the ampulla per patient. Dashed line indicate the target (95%). Note the different scales of
the x axes in Ato C.

TABLE 3. Spatial relationships of landmarks sensitive to adverse events

Overall n=281 Mean (95% CI) SD Median IQR QI1-Q3 Min Max
Incus—facial nerve (mm) 4.10 (4.00—4.20) 0.44 0.44 3.86-4.33 2.78 5.19
Facial nerve—lateral SSC (mm) 2.32(2.21-2.43) 0.52 0.52 2.06-2.71 0.55 3.21
Superior SSC—tegmen (mm) 1.29 (0.74—1.55) 0.67 0.67 0.74—1.55 0.08 3.59

The distance from the tip of the incus to the closest point of the facial nerve. The closest distance between the lateral semi-circular canal and
facial nerve and the proximity of the tegmen to the superior semi-circular canal. CI indicates confidence interval; mm, millimeter.

DISCUSSION length was compared with the individual anatomical data

of all patients to evaluate the robustness of our electrode

In this study an algorithm was created and applied to placement in silico. This first iteration in designing the
calculate the optimal electrode lead length in combina- vestibular implant electrode leads and surgical procedure
tion with a surgical procedure. The optimal electrode lead for the target population did not reach its objective in the

TABLE 4. Landing on the superior canal using the surgical guide

VI Eligible Group n=28 Success Rate Control Group n=53 Success Rate
Mean SD Median IQR <0.5mm <1.0mm Mean SD Median IQR <0.5mm <1.0mm p-Value
(€D (Q1-Q3) (€D (Q1-Q3)
Distance to 0.51 0.32 0.45 0.23-0.61  54% 93% 0.38 048 032 0.09-0.58  66% 96% 0.82
superior SSC (0.39-0.63) (0.25-0.51)

A comparison of groups for the minimal distance between the surgical guide and the superior semicircular canal (SSC). The thresholds for the
success rate are defined as landing within 0.5 or 1.0 mm of the center of the superior semicircular canal. Means of both groups are compared and
not statistically different.
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initial attempt. A success rate of 95% for correct elec-
trode placement was not achieved in any of the semicir-
cular canals: 92.6% (LSCC), 66.7% (PSCC), and 86.4%
(SSCC). However, by revising the electrode design, by
adding two extra electrode contacts per lead at a distance
of —1.0 and 1.0 mm from the current electrode, the initial
objective could still be reached. This could also enable
future features such as current steering that could poten-
tially be used to optimize selectivity and dynamic range
further. On the contrary, the research will need to exam-
ine the risk of cross-excitation between ampullae if using
the 3-electrode-leads, especially for the adjacent ampul-
lae of the LSCC and SSCC.

The proposed vestibular implant electrode model
together with the surgical procedure should be validated
in a temporal bone study. Other additional methods to
improve the accuracy and robustness of placement is to
monitor the maximum eye velocity and spatial direction
of its movement when placing the electrode lead in the
semicircular channel while stimulating, intraoperative
imaging (e.g., CT or fluoroscopy), or neural response
telemetry (10). These approaches present an additional
risk of inflicting additional damage to the sensitive
membranous labyrinth from retracting and extending
the lead in trying to achieve an optimum. Moreover,
similar to the situation in cochlear implants, good neural
response telemetries do not necessarily ensure a good or
optimal position, making this a subject for further inves-
tigation (16).

Publication of a computational anatomy based
approach to designing a surgical procedure and electrode
for a neural prosthesis is uncommon. The approach
presented here could improve accuracy and robustness
in relation to the amount of data available instead of with
the amount of trial-and-error attempts in patients. This
should reduce imposing negative side effects to the
patient (harms). In comparison, many years after its
introduction, the more straightforward surgical proce-
dure and electrode design for the cochlear implant
has largely halted in absence of innovations to
apprehend the electrode-to-neuron interface problem
(dialectics of progress). Cochlear implant performance
has remained relatively unchanged in the last 20 to
30 years (20).

This quantitative anatomy approach is a different
strategy to designing an electrode than the attempts to
use a model of the inner ear. Variables that are not
considered, because of the interpretation by the modeler,
to account for a certain variance in a model might be
especially relevant and are easily neglected. Moreover,
the chance that patients who are eligible for a vestibular
implant have a subtle but deviant anatomy is larger
because of genetic predispositions or pathology that
led to their disease in the first place. The approach here
aims to preserve any hidden relationships that might exist
in the anatomical features of the individual patient, by
considering every variant of anatomy which is in the
dataset of eligible patients. This ensures that the overall
approach is appropriate for the target population and that

variabilities in anatomy are considered in proportion to
their actual prevalence.

The current design strategy is founded on the quanti-
tative anatomy of the population. In the future, individual
variation in inner ear anatomy may be further appreciated
by using individualized simulations for the surgical
procedure.

Limitations

Variables such as the physical properties of the sili-
cone electrode leads were not considered in silico. This
can be expected to yield a difference with surgery ex or in
vivo. The physical design of the electrode has gained
attention before and factors identified by others should be
taken into account (21,22). The surgical steps were
evaluated by two investigators (B.S., R.vd.B) but the
simulation was executed by B.S. The in silico approach is
currently not suitable to simulate differences between
surgeons. However, the impact of these limitations is
partially compensated for by future temporal bone stud-
ies, with real vestibular implant electrodes, which can
include surgeons with different levels of experience and
different preferences. This will also allow for the neces-
sary fine-tuning on the electrode lengths and surgical
approach for which this study provided the draft.

CONCLUSION

A computational anatomy approach can be used to
design and test surgical procedures in silico. It could pave
the way for faster developments in operative treatments,
possibly eliminating unsuccessful surgery strategies
before they have thoroughly been evaluated in clinical
practice.

Our proposed surgical procedure proved insufficient to
reach the initial aim of a 95% success rate in electrode
placement, however after a minor modification in elec-
trode lead design, the initial goal could still be reached.
Future research is planned to evaluate the proposed
vestibular implant electrode model with three electrodes
per lead together with the surgical procedure in a tempo-
ral bone study before clinical implementation.
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