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Ex Vivo Evaluation of a Minimally Invasive
Approach for Cochlear Implant Surgery
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Abstract—Objectives: Drilling a minimally invasive ac-
cess to the inner ear is a demanding task in which a
computer-assisted surgical system can support the sur-
geon. Herein, we describe the design of a new micro-
stereotactic targeting system dedicated to cochlear im-
plant (CI) surgery and its experimental evaluation in an ex
vivo study. Methods: The proposed system consists of a
reusable, bone-anchored reference frame, and a patient-
specific drilling jig on top of it. Individualization of the jig
is simplified to a single counterbored hole drilled out of
a blank. For accurate counterboring, the setup includes
a manufacturing device for individual positioning of the
blank. The system was tested in a preclinical setting using
twelve human cadaver donors. Cone beam computed tomo-
graph (CBCT) scans were obtained and a drilling trajectory
was planned pointing towards the basal part of the cochlea.
The surgical drill was moved forward manually and slowly
while the jig constrained the drill along the predetermined
path. Results: Drilling could be performed with preserva-
tion of facial nerve in all specimens. The mean error caused
by the system at the target point in front of the cochlea was
0.30 mm ± 0.11 mm including an inaccuracy of 0.09 mm ±
0.03 mm for counterboring the guiding aperture into the jig.
Conclusion: Feasibility of the proposed system to perform
a minimally invasive posterior tympanotomy approach was
shown successfully in all specimens. Significance: First
evaluation of the new system in a comprehensive ex vivo
study demonstrating sufficient accuracy and the feasibility
of the whole concept.
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I. INTRODUCTION

ACOCHLEAR implant (CI) is a well-established interven-
tion to restore hearing in patients who are deaf or suf-

fering from severe-to-profound hearing loss. The implantable
part of the CI system consists of a stimulator/receiver and an
electrode array (EA). Surgical access to the cochlea is required
to place the EA into the scala tympani (ST) and then enable
electric stimulation of the auditory nerve. The conventional
approach involves drilling a mastoidectomy followed by pos-
terior tympanotomy passing through the facial recess—a nar-
row gap between the facial nerve (FN) and the chorda tym-
pani (ChT). Although the EA is very thin (typically less than
1.3 mm in diameter), drilling of the mastoid cavity means
removal of a comparable large amount of bone to identify
anatomic landmarks that guide surgeons through the lateral
skull base to the cochlea. This large surgical exposure costs
time, may increase risk of injury, and requires specially trained
surgeons.

Replacing the conventional approach with a less invasive
procedure where the amount of bone removal is reduced almost
to the diameter of the EA could be beneficial in many ways.
Additionally, the increasing demand for CIs secondary to the
expansion of the indication criteria and the rapid increase of the
aging population globally urges a significant simplification of
CI surgery. Furthermore, simplifying CI surgery using a pre-
planned trajectory based on the individual anatomy could help
improve structure preservation in patients with residual hearing
[1]–[3].

The vision of minimally invasive CI surgery (minCIS; a.k.a.
percutaneous cochlear implantation, PCI) aims to drill just a sin-
gle path to enter the cochlea. The pioneer in this field, Dr. Robert
Labadie (Vanderbilt University Medical Center, Nashville, Ten-
nessee), first described this idea [4]. Since then several concepts
of surgical assistance devices have been described in order to
simplify the surgical procedure; to improve precision of EA
insertion for better hearing preservation; to reduce OR time;
and to decrease the costs of the procedure while keeping today’s
high safety standards and low failure rate of the conventional CI
surgery [5], [6].
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Such concepts can be roughly classified into 1) frame-less ap-
proaches, where an integrated image-guided surgery (IGS) sys-
tem tracks the surgical instruments and provides the necessary
spatial information to move the drill a long a previously planned
trajectory, and 2) stereotactic approaches, where an individually
adjusted or fabricated instrument guide is rigidly attached to the
skull, thereby maintaining the drill along the desired trajectory.
Note that hand-held use of a tracked otologic drill was originally
tested [4], [7] but later discarded due to difficult use and insuf-
ficiently safe utilization [8], [9]. To overcome the limitations
of human ability to translate 3D visualizations of an IGS into
hand movements that precisely follow the planned trajectory,
robots have been incorporated in the workflow [9]–[12]. The
most prominent example is the HEARO robot developed in
Bern (CAScination AG, Bern, Switzerland) [13], [14] which
became the first assistant device for minCIS that received CE
mark approval.

The second category includes several concepts of micro-
stereotactic frames (MSF), which are bone-anchored, rigid in-
strument guides, a.k.a. surgical targeting systems. Here, a cus-
tom drilling jig restricts the surgical instrument to be moved
along a straight path which fits to the previously defined tra-
jectory. In all MSF, rigid fixation to the target structure is en-
abled using screw-in bone-anchors with customized component
mounted on top of them. This individualized jig is designed
based on the location of the anchors and the desired trajectory.
Different concepts of manufacturing have been described in-
cluding 3D printing (e.g., the StarFix [8], [15]), milling on a
computer-numeric-control (CNC) machine (e.g., the Microtable
[16]–[18], or biopsy guides [19]), by individual setting the
lengths of three to six struts [20], [21], or by sticking prefab-
ricated parts together (e.g., the GluingJig system [22], or the
Freeze Frame [23]).

3D printing however, requires hours and causes a delay of
several hours [16], [24]. This delay needs a separate surgi-
cal intervention only for the bone-anchor implantation prior
to imaging, which additionally burdens the patient [16], [24].
Therefore, enabling the whole procedure to be performed in a
single surgery was the motivation for the Vanderbilt group to
develop the so-called Microtable [17]. For that, the geometry of
the surgical template is much simpler and so it does not require
cumbersome printing of the whole volume by adding layer by
layer in a patient-specific manner. Instead, fabrication of the
Microtable is reduced to four counterbore holes which need to
be drilled out of a blank with specified depths and locations.
Evidently, removing only parts of whole volume by milling
is much faster (a.k.a. subtractive rapid prototyping [19]). The
microtable can be milled using an automated CNC machine in
approx. 6-15 min [16], [17]. After adding prefabricated legs, the
whole assembly needs to be sterilized to enable its use under
sterile conditions. Following the idea of the inventors, flash
sterilization will be utilized. However, this adds extra time to
the surgery [16].

The development of the proposed system was motivated by
the aim to provide a method that allows individualization of
the MSF under sterile conditions. Therefore, individualization
of the jig was simplified to a single counterbored hole (Fig. 1)

Fig. 1. Schematic drawing of the micro-stereotactic surgical targeting
system. It includes a unique, bone-anchored reference frame (1), fixed
by three bone screws (2) near to the roughly estimated drilling trajectory
(3) behind the ear (4), as well as an individually fabricated jig (5). A coun-
terbore hole (6) serves a guidance aperture that constrains the surgical
tool along the planned trajectory. Dowel pins (7) for a clearance-free
connection and its locking with a screw (8).

which needs to be drilled out of a blank [25]—a procedure which
shall be performed under aseptic conditions in a manufacturing
system as described below. The customized jig fits on top of a
reusable, bone-anchored reference frame, which serves both for
rigid bone-anchorage and image registration.

Herein we present the first experimental evaluation of the
system and its accuracy in a preclinical setting using full body
human cadaver donors. In contrast to a previous conference
paper [25] not only preliminary but full results of the study
including all twelve donors are presented. This study aims to
a) determine the feasibility of our system to drill through the
facial recess without unexpected damages to vital structures, b)
estimate the system’s accuracy to drill in the irregular mastoid
bone, and c) to collect practical experience and surgical feedback
for the further development of hardware and software and the
surgical concept.

II. MATERIAL AND METHODS

First, the proposed minCIS targeting system and the ex vivo
study are described. Then the methods used to evaluate the
system’s accuracy are reported.

A. Surgical Procedure

1) Specimen Preparation: Twelve anonymized, full-body
human cadaver donors were used for preclinical evaluation of the
targeting system. The human bodies were used under the ethics
approval (A 2016-0083, University of Rostock, Germany). All
specimens were Thiel-fixed; a method developed to preserve the
natural plasticity and flexibility of the soft tissues with better
similarity to a fresh specimen when compared with formalin-
based embalming techniques [26].
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Fig. 2. The reference frame is fixed behind the pinna through small skin incisions (a) and bone-anchored using three screws (b). It serves as a
rigid connection to the skull and will carry the individual jig mounted on top using two dowel pins and a screw. (c) The reference frame provides four
fiducial for image-to-patient registration. This transferred a common coordinate system (CS) from physical into image space.

Fig. 3. (a) Imaging of the head with attached reference frame using a
mobile CBCT scanner. The red laser lines indicate the image volume.
(b) The visible frame enables mapping of the image space to patient
space. (c) Proper placement of all bone screws can be verified.

First, a reusable reference frame was fixed to the skull behind
the left ear (Fig. 2, mirrored version necessary for right ears).
Due to its design and the selected method of bone fixation by
three separate bone screws, it is referred to as “Trifix” in the
following. The position for the Trifix was chosen by the surgeon
based on the roughly estimated course of the desired drilling.
Three small skin incisions (Fig. 2(a)) enable direct contact of
the frame with the skull. Three self-drilling and self-tapping
bone screws (Max Drive Drill Free 2.0 × 9, KLS Martin Group,
Tuttlingen, Germany and EASYLINE CMF bone screw 20-712-
11 2,0x11, General Implants GmbH, Villingen-Schwenningen,
Germany) were used to ensure solid bone-anchorage (Fig. 2(b)).
The design of the countersunk holes at the end of the Trifix’s
legs limits screw-in depth to 3.6 mm. Fig. 2(c) shows the Trifix
including four titanium spheres added to the frame for image-to-
patient registration. Two dowel pins protruding from the planar
top surface of the reference frame enables precise mounting of
the individual jig with negligible clearance. A metric thread (M6)
in the Trifix is used to secure the connection.

2) Imaging: Afterwards, a mobile, intraoperative cone beam
computed tomograph (CBCT, xCAT, Xoran, Ann Arbor, MI,
USA) was utilized for image acquisition (Fig. 3). All images
were captured with an isotropic voxel size of 0.3 mm. Then, the
images of the scan were examined to visually confirm proper
bone fixation (Fig. 3(c)) and identification of the entire Trifix

(Fig. 3(b)). The visible region should include all four spherical
registration markers. When insufficient bone-anchorage was
detected, the position of the Trifix was slightly changed to
improve the fitting of the affected screw and an additional scan
was conducted.

3) Planning: As the next step, image data was transferred
to a notebook running our custom-made planning software. It
is a plugin, written in Python 2.7 (Python Software Foundation,
Delaware, USA), for the open source software 3DSlicer (version
4.8.1) [27]. The plugin includes extensions for manual selection
of the spheres as well as path planning (Fig. 4). The latter allowed
for manual definition, inspection, and manipulation of an access
path from the skull surface to a target region. The different
diameters of the drill bit were visualized in 3D and as an outline
in the traditionally slice views (Fig. 4(b)). Using the interactive
graphical user interface provided by the planning software, a
trajectory was planned which starts at the lateral cranium and
passes the facial recess with maximal safety margins (at least
0.3 mm as it is the resolution of the CBCT) to FN, ChT, ossicular
chain, and external auditory canal, with giving more weight to
the FN. In case #05 the ChT could not be identified due to
insufficient image quality. Trajectories were planned to end in
the middle ear close to the round window at target point pt,plan
(Fig. 4(b)) pointing towards the basal part of the cochlea aiming
for a tangential access to the inner ear, i.e., aligned with the
basal turn. All trajectories were reviewed and approved by an
experienced CI surgeon.

The selected positions of the titanium spheres were registered
to the positions of the spheres in physical space measured prior to
the intervention using a portable coordinate measuring machine
(CMM, Romer Absolute Arm Compact 7312, Hexagon Manu-
facturing Intelligence, Wetzlar, Germany). The volumetric accu-
racy of the CMM is 0.025 mm. This registration step transferred
the coordinate system defined by the Trifix to the image space
where trajectory planning took place. Finally, coordinates of the
target point (pt,plan) and the entry point (pe,plan) were saved in
the Trifix coordinate system and exported for computation of
the inverse kinematic of the manufacturing system.

4) Individualization of the Jig: To transfer the planned
trajectory to the patient, the patient-specific counterbore hole
for instrument guidance (referred to as “guidance aperture”
in the following) needs to be drilled into the blank. As this
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Fig. 4. (a)–(c) Screenshots of the 3DSlicer view of path planning with segmented anatomic structures (FN: Facial nerve, ChT: Chorda tympani,
Co: Cochlea; EAC: External auditory canal). (a) and (b) Slice views cutting along the planned drill path. (c) 3D view. (d) Manually selected sphere
marker of the MSF for registration of the planning to the patient.

Fig. 5. (a) Overview of the manufacturing system. A linear sliding mechanism (1) enables manual pressing of the polymer drill bit (2) into a Ultem
blank (3) for its customization. Position and orientation of the blank can be adjusted in a patient-specific manner by moving the upper platform (4)
by means of adjusting the length of all six struts (5) of the hexapod. (b) A schematic drawing of the device illustrates the basic concept: the main
axis (6) of the polymer drill bit represents the individually planned trajectory to the cochlea (7) while the blank is positioned in such a way that it fits
to the specific position of the reference frame (8). In this individual configuration, the blank is finalized by adding a counterbore hole (9) Which later
guides the instruments. (c) Custom software calculates and visualizes the patient-specific length of all six struts (5) of the hexapod by solving the
inverse kinematic of the parallel manipulator.

is one of the most critical steps regarding overall accuracy, a
manufacturing system was designed, produced, and used in this
study (Fig. 5). It includes a passive Stewart-Gough-Platform
(a.k.a. “Hexapod”), which serves for temporary positioning of
a blank (Ultem 1000 resin, Arthur Krüger GmbH, Barsbüttel,
Germany) during drilling of the counterbore hole (Ø 12.5 mm
to 15.0 mm). The design of the manufacturing system was
inspired by a guiding sleeve positioning system (X1med3D,
Schick GmbH, Schemmerhofen, Germany) that belongs to the
med3D procedure (med3D GmbH, Heidelberg, Germany) for
template-guided dental implantations. The adjustable struts of
the X1med3D were purchased solely while all other parts of the
device have custom-made designs and were fabricated in the
institution’s own machine shop.

Temporary fixation of the blank to the moving platform of the
manufacturing system is enabled using the identical mechanical
coupling interface as available on the top surface of the Trifix. In-
dividual orientation and position (pose) of the hexapod’s moving
platform was adjusted by manually setting the length of all six

struts. Length values were calculated by a software that solves
the inverse kinematic of the hexapod (Fig. 5(c), [28]), written in
Python using the libraries NumPy and Plotly. As a result of pose
setting, the Ultem blank was coaxially aligned to the planned
trajectory represented by the main axis of a polymer drill bit. This
is a custom-made stepped bit with a 12.5 mm diameter pilot and
15.0mm diameter counterbore. A cordless drill (GSR 10,8-2-LI,
Robert Bosch Power Tools GmbH, Germany), mounted on linear
slider, was used to drive the drill bit, working like a horizontal
drill press. The blank was customized in a single shot process
with approx. 400 rpm by manually advancing the drill until the
step of the counterbore was roughly half-way in the jig.

5) Drilling: Afterwards the individualized jig was removed
from the manufacturing system, cleaned, and equipped with a
drill guide suited to a custom-made twisted step drill bit. The
whole assembly was mounted onto the Trifix (Fig. 6). The shank
and the basal part of the twisted drill bit was designed with
4.0 mm in diameter to increase its stiffness while the apical part
is 1.8 mm in diameter to consider the narrow dimensions of
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Fig. 6. (a) Individualized jig mounted to the Trifix with the drill guide
and drill bit inserted. While placing the tip of the drill bit on the skull
surface, the clearance (sd) between the set collar and the drill bushing
is equal to the possible drilling depth. (b) Adjustment of the position of
the set collar to the desired drilling depth. (c) Drilling under continuous
irrigation with water using a hand-held otological drill. (d) Close up image
of the custom drill bit.

the facial recess [29]. The shank of the drill bit was equipped
with a set collar for mechanical limitation of the drilling depth
(Fig. 6(a), (b)). Individual drilling depth, in terms of distance be-
tween the skull surface and the target point pt,plan, was measured
during trajectory planning. Using the customized instrument
guide, the access to the middle ear was drilled by the surgeon
under continuous irrigation with water (Fig. 6(c)). Drilling was
performed slowly in order to apply only slight thrust and was
stopped when the set collar reached the upper end of the drill
bushing.

B. Accuracy Evaluation

After drilling, a second CBCT scan was acquired to assess
the system’s accuracy. While the reference frame was kept in
place, the jig was demounted from the Trifix to enable access
to the drilled canal (Fig. 7(a)). The latter was flushed with
water in order to remove remaining bone dust. Afterwards, a
titanium rod, having the same outer diameters as the drill bit, was
inserted (Fig. 7(b)) to improve visibility of the drilled canal in the
CBCT scan (Fig. 7(c) and (d)). Imaging was used to assess the
preservation of all critical structures. In some cases, were ChT
or FN could hardly be identified, a conventional mastoidectomy
was performed to visually assess the preservation of FN and ChT
using the surgical microscope.

The total drilling error was determined using two different
registration methods. The first one relied on intensity-based
automatic image registration. Preoperative images (including
the planned trajectory) and postoperative images (showing the
titanium rod representing the actually drilled canal) have been

Fig. 7. (a) Entry of the drilled canal after removal of the jig. (b) Titanium
rod inside the canal. (c) and (d) Exemplary images from a second CBCT
scan showing the titanium rod which indicates the drill canal targeting
the inner ear. Main axis is highlighted in red.

registered automatically (BRAINS fit module in 3D Slicer). For
the second method, feature-based registration was conducted
using the spherical marker attached to the Trifix. This approach
replaces the uncertainty of the intensity-based image registration
with the uncertainty of the sphere marker localization (a.k.a.
fiducial localization error, FLE) [30].

The location of the titanium rod was determined manually by
placing a virtual cylinder over the titanium rod for which our
same 3D slicer module was used as already used for planning.
The deviation between the planned trajectory and the main axis
of the cylinder (representing the drilled canal), referred to as
“total drilling error” (εdrill) in the following was measured as
the radial error on a plane perpendicular to the planned path at
the level of pt,plan (cf. target positioning error (TPE)-lateral as
described by [31]). The actual target points are denoted pt,img

and pt,fid depending on the method used for registration of both
CBCT scans (img denotes intensity-based image registration;
fid denotes fiducials in case of the feature-based registration
method). The corresponding total drilling error is referred to
as imgεdrill and fidεdrill, respectively. Additionally, the angle
between the planned trajectory and the axis of the cylinder model
representing the titanium rod was computed (imgΔθdrill and
fidΔθdrill). Finally, the Euclidian 3D distance between the cal-
culated target points when transformed via the two registration
methods is reported as ‖pt,img − pt,fid‖.

To provide further insights into the contribution of different
effects to the determined total drilling error additional measure-
ments of system components were conducted. First, the final
length of all struts of the manufacturing system for each jig
was measured (Romer Absolute Arm Compact 7312). Second,
it was analyzed how accurate the guidance aperture can be drilled
into the blank. Therefore, the main axis of the hole was mea-
sured using an optical coordinate measurement machine (XM-
T1200, Keyence Deutschland GmbH, Neu-Isenburg, Germany)
and compared to the planning, which is a measure for the error
of the fabrication process of the jig. The error was extrapolated
to the level of pt,plan and denoted as CMMεjig and CMMΔθjig
for the radial and angular deviation, respectively. Third, the
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TABLE I
RESULTS OF ACCURACY EVALUATION

Drilling errors ε in mm and angular deviation Δθ in degree as described in the text. ‖pt,img − pt,fid‖ denotes the Euclidean distance at the target point pt between
the two registration methods. Superscripts in the specimen column indicate datasets where visible movement artifacts introduced problems for image registration (m),
and an identified movement of the frame (f). The technical system accuracy was computed including all experiments, which were not compromised by a considerable
human error (h). The last value for the column ‖pt,img − pt,fid‖ contains all measurements but the ones with movement of the frame (f). Excluded values are grayed
out. SD: standard deviation.

variations in the manual process of marking the titanium rod and
the spherical markers were estimated. Therefore, five postexper-
imental scans were randomly selected in order to compare the
performance of six people with varying experience in working
with 3D data. Each participant was asked to fit a cylinder
to the titanium rod in the images and repeat this procedure
three times. Afterwards, the inter-individual and intra-individual
performance was calculated. For each of the five patients, all
18 fitted cylinders were averaged. The uncertainty σ(ε) was
estimated at the target as the mean distance to the averaged cylin-
der, i.e., the standard deviation of the manual measurements.
Similarly, the uncertainty σ(θ) of the angle and the uncertainty
σ(S) of manually locating the sphere markers of the frame was
determined.

III. RESULTS

Feasibility of the minimally invasive posterior tympanotomy
approach using our new micro-stereotactic targeting system was
shown in all 12 specimens. The facial nerve was preserved in all
cases; whereas chorda tympani was sacrificed as planned in one
case as the preoperative imaging quality was insufficient for a
reliable identification.

Mean accuracy of the whole micro-stereotactic targeting sys-
tem for drilling along a planned trajectory, measured at the target
point close to the cochlea, was fidεdrill = 0.24 mm ± 0.09 mm
and imgεdrill = 0.30 mm ± 0.11 mm when using the spherical
markers or the intensity-based approach for image registration,
respectively. Measurements of the counterbore hole in the jig
projected to the target points resulted in CMMεjig = 0.09 mm
± 0.03 mm on average. The drill guide fits very tight inside
the guidance aperture without observable clearance. Therefore,
we assume that this connection does not deteriorate the overall
accuracy. Angular drilling errors were found to be fidΔθdrill =
0.37° ± 0.23°, imgΔθdrill = 0.43° ± 0.27°, and CMMΔθjig =
0.02° ± 0.03°. These values describe the technical accuracy as
deduced from 10 of 12 cases.

In the other two cases, human error in operating the manual
hexapod were observed whereby in each case the length of one
leg was set considerably wrong due to a mistake of the operator.
Despite the high drilling error, integrity of FN and ChT was
confirmed by microscopic inspection (Supplementary Fig. S4).
Table I summarizes the results from all 12 experiments.

Analyzing the repeated position determination of the rod
(Sup. Figs. S1, S3) showed that the mean position of the rod
within the CT scan can be determined to σ(ε) = 0.11 mm ±
0.02 mm, similar to the uncertainty of the registration spheres
σ(S)= 0.11 mm± 0.01 mm (Sup. Figs. S2, S3). The uncertainty
of angle of the rod was σ(θ) = 0.24° ± 0.06° (Sup. Fig. S3).

Insufficient bone-anchorage was detected in the images in
three cases. This leads to re-fixation of the reference frame and
repetition of the CBCT scan. An unusual thick skin flap was
observed in one specimen which prevented sufficient fixation
of the reference frame through the skin incision due to the too
short length of the Trifix’s legs (Fig. 1). In that case, a large
retroauricular incision was required to enable rigid fixation. In
one case (#4) only three spheres were visible in the post CT scan,
which might influence registration accuracy with the image data
used for trajectory planning.

IV. DISCUSSION

CI surgery conventionally requires large bone removal at the
skull behind the ear—a procedure that has not undergone any
noteworthy changes in the past decades—but goes along with
several drawbacks [32]. Therefore, several groups are working
on the vision of a minimally invasive approach to the inner ear
and it is already shown that rigidly attached MSF [33], [34]
as well as image-guided robot systems [13], [35] can provide
sufficient accuracy. However, minCIS is far from being a well-
established and widely used standard. Although the HEARO
robot is sophisticated from a technological point of view, a task
autonomous surgical robot may not be the optimal solution from
an economic perspective [34].
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Our research is focused on frame-based approaches, as we
believe that the rigid fixation to the patient’s skull is an inherent
safety feature and allows for simpler and therefore more cost-
efficient solutions. For MSF, the time required for custom fabri-
cation of the surgical template impacts clinical implementation.
Current drawback of “rapid” prototyping is the delay due to the
time consuming production step as for the 3D-printed StarFix
microTargeting platform [16], [24]. In case of the Microtable,
whose geometry is simpler and therefore fabrication is much
faster, the whole assembly needs to be sterilized afterwards to
enable its use under sterile conditions. However, in a more recent
clinical study using a commercial version of the Microtable
concept, the CNC-supported fabrication was done at an external
facility going back to the strategy of bone anchor placement
as an outpatient treatment while the stereotactic surgery took
place approximately one week later. The skin incision over
bone-anchors was closed and re-opened at the day of the surgery
[16]. This needs to be discussed in terms of patient comfort as
it is known to cause pain [24] and inherent risk of infection.
Nevertheless, the overall patient comfort will be better than with
conventional frame-based stereotaxy for which significantly
higher discomfort in comparison to an IGS without bone fixation
was shown [36].

Development of our surgical targeting system was driven by
the motivation to further simplify the patient specific fabrication
of the jig in order to make it feasible during the surgery under
sterile conditions. This was achieved by reducing complexity of
the customization step. Now drilling of only one single counter-
bored hole out of a blank is necessary. Consequently, the jig can
not be adapted to varying positions of separate bone anchors
as it is implemented in the concept of the milled Microtable
or the 3D printed STarFix. In contrast, the blank has to be
prefabricated with a standardized coupling interface that fits to
the bone anchored fixation system. The fixation system, in turn,
replaces the three independently attached bone anchors. This
limits the flexibility of the surgeon in choosing proper locations
with sufficient bone thickness due to its predefined geometry.
Therefore, the shape of the reference frame needs to consider the
contribution of sufficiently thick regions at the lateral skull base
and its variability between patients [37]. For the current design,
we analyzed image data of 20 adult patient and averaged the
identified regions suitable for safe and rigid bone-anchorage.
However, further investigations with a larger sample size are
necessary to determine what percentage of candidates can be
treated with that one-size-fits-all Trifix.

Fixation of the reference frame is planned to be done through
three small skin incisions as shown in Fig. 2 plus a fourth one
for the drilling. Due to the early stage of development and its ex-
perimental character of this study, we went for a larger incision
in most cases (Figs. 6(c) and 7). This enabled better access to
the borehole for improved visualization and documentation in
this study. The fixation was proved to be stable and rigid during
the whole intervention in most cases. However, in two different
cases (#07, #12) movements of the frame could be identified in
the registered images (Sup. Fig. S5). Choosing more adequate
screws for this application or developing a better fixation concept
offers further room for improvements. In patients with very thick

Fig. 8. Boxplots showing our different measurements of the drilling
errors or components of this error measured radial to the planned path
at the target depth in the middle ear. The lower plot displays the angular
error. The manufactured individual drilling jigs can be measured very
precisely with a coordinate measurement machine (CMM), so CMMεjig
and CMMΔθjig show that the jig contributes very little to the overall
drilling error. The error estimated using image intensity based registra-
tion between the planning and the postoperative CBCT scan is denoted
as imgεdrill. The fidεdrill is similar but uses fiducial based registration
of the sphere markers attached to the MSF. The difference between
image-based and fiducial-based registration as ‖pt,img − pt,fid‖ hints
at movements of the mini-stereotactic frame as the course for some of
the (larger) errors.

skin, the present length of the bone screws is too small. However,
it needs further investigation whether specimen #04 represented
a very rare condition and switching to the conventional approach
is reasonable in these few cases or whether this will be the
case in an appreciable amount of patients and demands for
modifications of the Trifix’s design.

Individualization of the jig was feasible in all cases. The
proposed design of the manufacturing system could be proven as
robust, practical, and reliable. Each blank could be customized
in a single shot without need for repetition or rework resulting
in a clean and true to size counterbore hole. As customization is
reduced to drilling of only one hole and therefore only pressing
the drill forward, operation of the device does not require special
skills or training. The contribution of the customization step
to the technical system accuracy, indicated by CMMεjig, was
determined with 0.09 mm ± 0.03 mm. This is in the same range
as previously reported (0.11 mm ± 0.04 mm) [38].

Manual length setting of the hexapod’s legs was identified as
the most crucial step, which was shown to be error-prone. In two
cases, operational errors resulted in jigs with deviations from the
planning more than 4 times higher than during normal operation
(Fig. 8). In a retrospective analysis we identified a mix-up of
two digits as reason for this considerable maladjustment of the
hexapod and therefore distinguish this type of inaccuracy (as
caused by an extra-ordinary human error) from the technical
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Fig. 9. (a) Drill canal with tube and electrode array inside. (b) Microscopic view through the external auditory canal showing the EA passing the
tympanic cavity coming out of the drill canal (right) and entering the round window (left). (c) and (d) Post-experimental imaging confirming the
intra-cochlear position of the EA.

accuracy of the system (which still includes small user errors
due to human limitations in reading and adjusting the analog
scale of the micrometer screws).

However, this source of error is the easiest to overcome. For
the next iteration of the system, we are working on a fully
automated manufacturing system so that human errors can be
completely obviated.

The determined drilling accuracy of our system (fidεdrill =
0.24 mm± 0.09 mm; imgεdrill = 0.30 mm± 0.11 mm; technical
accuracy = without considerable human error) is comparable
to the one of the HEARO system. Whose accuracy has been
reported to be 0.21 mm ± 0.09 mm [13] with a worst case of
0.34 mm in in vivo experiments but at a lower drilling depth
(facial recess). Our system accuracy was determined at the
target point closer to the cochlea and is in the range suitable for
cochlear implantation surgery as investigated in a previous study
[39]. This value is also comparable to another micro-stereotactic
frame (Microtable with 0.31 mm ± 0.10 mm) already used in a
clinical investigation [33], [34].

In addition, this study provides useful insights and helped to
identify several sources of errors which are going to be reduced
in the future. This includes the registration markers as well
as bone anchorage: Imaging of the frame and the spherical
markers causes artifacts and therefore the distribution of fits
vary higher in the direction of these artifacts. Especially in
the region where the spheres are attached to the frame, they
do not appear spherical (Sup. Fig. S2) which hampers manual
selection. Manually selecting the spherical markers came on
average with an uncertainty of approximately 0.1 mm, though
substantial variability in precision has been seen during fitting
of the model between individuals. This variability can be partly
explained by different levels of experience with radiological
image viewer. As errors in detection of the spherical markers
during planning also impacts the total drilling accuracy, sphere
markers that are easier to detect and an automated registration
that would not only make the planning of the operation faster
but also more secure. Although it is indisputable that there is
room for further improvements in terms of automated marker
detection and registration, our analysis of repeated selections of
the both, spherical markers and rods, showed that it was possible
to manually localize these structures with sub-voxel precision
(approx. 0.1 mm vs. 0.3 mm voxel size).

Differences between imgεdrill and fidεdrill can have different
causes. In the scans without movement artifacts of the frame, the

difference between sphere marker based registration and image
registration were ‖pt,img − pt,fid‖ = 0.21 mm ± 0.11 mm and
are most likely due to uncertainties in the determination of the
location of the sphere markers. In cases #02 and # 05 imaged
based registration was difficult due to movement artifacts in one
of the CBCT scans, most likely due to a contact of the rotating
scanner with the sterile drape covering the head and causing a
slight movement of the skull inside the scan volume.

In the future, manufacturing of the jig could be performed
under aseptic conditions according to the ISO 14644 family.
Sterile blanks, drill bits, drapes and mounting platforms will
be used in a controlled environment to maintain sterility of
the blank respectively the jig. Therefore, no further steriliza-
tion of the produced jig will be required. In this preclini-
cal trial using cadaveric specimens, sterile use was not yet
implemented.

Insertion of the EA after drilling was beyond the scope of
the present study. This subsequent step is only meaningful after
sufficient accuracy of the micro-stereotactic procedure could
be demonstrated, which was the primary aim of this study.
However, we tested in two specimens the feasibility of elec-
trode insertion into the cochlea using the minimally invasive
access (Fig. 9). Only standard surgical instruments and a simple
stainless-steel tube were used to push the electrode through the
drill hole. A tympanomeatal flap was performed as an auxiliary
access to the middle ear in order to guide the EA into the
round window opening as no special insertion tool, as proposed
elsewhere [40], [41], was utilized in these experiments. Full
insertion of the Flex20 EA (MED-EL, Innsbruck, Austria) was
possible in both specimens (Fig. 9(d)).

V. CONCLUSION

The presented results demonstrate the feasibility of the pro-
posed micro-stereotactic procedure for performing a minimally
invasive mastoidectomy with posterior tympanotomy approach
as an important prerequisite for minimally invasive cochlear
implantation surgery. The technology developed to fabricate
an individualized jig itself provides sufficient accuracy. Manual
adjustment of the fabrication system according to the individual
planned trajectory, however, was identified as a potential source
of user errors. For the future, we aim for an automated hexapod
to ensure reliable safety for the patient.
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