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Abstract

Introduction: Electrode array translocation is an unpredict-
able event with all types of arrays, even using a teleoperated
robot in a clinical scenario. We aimed to compare the intra-
cochlear trauma produced by the HiFocus™ Mid-Scala (MS)
electrode array (Advanced Bionics, Valencia, CA, USA) using
a teleoperated robot, with an automated robot connected
to a navigation system to align the pre-curved tip of the elec-
trode array with the coiling direction of the scala tympani
(ST). Methods: Fifteen freshly frozen temporal bones were
implanted with the MS array using the RobOtol® (Collin, Ba-
gneux, France). In the first group (n = 10), the robot was tele-
operated to insert the electrode array into the basal turn of
the ST under stereomicroscopic vision, and then the array
was driven by a slow-speed hydraulic insertion technique
with an estimated placement of the pre-curved electrode
tip. In the second group (n =5), 3 points were obtained from

the preoperative cone-beam computed tomography: the 2
first defining the ST insertion axis of the basal turn and a third
one at the center of the ST at 270°. They provided the infor-
mation to the automated system (RobOtol® connected with
a navigation system) to automatically align the electrode ar-
ray with the ST insertion axis and to aim the pre-curved tip
toward the subsequent coiling of the ST. After this, the elec-
trode array was manually advanced. Finally, the cochleae
were obtained and fixed in a crystal resin, and the position
of each electrode was determined by a micro-grinding tech-
nique. Results: In all cases, the electrode array was fully in-
serted into the cochlea and the depth of insertion was similar
using both techniques. With the teleoperated robotic tech-
nique, translocations of the array were observed in 7/10 in-
sertions (70%), but neither trauma nor array translocation
occurred with automated robotic insertion. Conclusion: We
have successfully tested an automated insertion system (ro-
bot + navigation) that could accurately align a pre-curved
electrode array to the axis of the basal turn of the ST and its
subsequent coiling, which reduced intracochlear insertion
trauma and translocation. ©2021 S. Karger AG, Basel
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Introduction

Cochlear implants are electronic devices that can re-
store hearing in people with severe to profound hearing
loss. This device has an internal part with an electrode
array surgically implanted into the cochlea. Stimulation
of the residual neurosensory auditory structures can be
achieved with the implanted electrode array and hear-
ing can be rehabilitated through these implanted de-
vices.

Among the many factors which could affect auditory
performance after cochlear implantation, intracochlear
trauma induced by electrode array insertion should be
limited as much as possible [Wanna et al., 2015; Ka-
makura and Nadol, 2016; O’Connell et al., 2016]. Previ-
ous studies have shown that preservation of intraco-
chlear structures such as the basilar membrane or the
osseous spiral lamina yields better results in terms of
postoperative hearing thresholds [Finley et al., 2008;
Wanna et al., 2015]. Indeed, translocation of the elec-
trode array from the scala tympani (ST) toward the sca-
la vestibuli (SV) remains an unpredictable and relative-
ly common event, which could influence the hearing
performance of the cochlear implant throughout the
patient’s life.

Although an important concern during array insertion
is to decrease intracochlear trauma, previous studies have
reported such deleterious events with all types of arrays
[Finley et al., 2008; Boyer et al., 2015; Wanna et al., 2015;
O’Connell et al., 2016; Dees et al., 2018; Riggs et al., 2019;
Zelener et al., 2020; Daoudi et al., 2021; Vittoria et al.,
2021]. Intracochlear trauma is associated with both de-
creased hearing performance in patients and loss of re-
sidual hearing in the case of hearing preservation attempts
[Wanna et al., 2011]. Among the strategies used to de-
crease trauma, a robotic surgical approach is a viable al-
ternative as the robot offers increased accuracy compared
with manual insertion [Torres et al., 2018b]. Up to the
present time, 2 robotic approaches have been developed
for cochlear implantation as follows: on the one hand, ro-
bots for a minimally invasive transmastoid approach to
the round window [Kratchman et al., 2011; Venail et al,,
2015; Anso et al., 2016] and on the other hand, a teleoper-
ated robot (RobOtol®; Collin, Bagneux, France) to opti-
mize electrode array insertion into the cochlea after con-
ventional exposure of the round window [Torres et al.,
2017]. Electrode array insertions are routinely performed
with RobOtol® at very low speeds [Vittoria et al., 2021]. It
was observed that translocations within the SV occurred
after either manual or robotic insertions, and the frequen-
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cies of these translocations differed widely according to
electrode type, straight or pre-curved array, and the brand
used [Daoudi et al., 2021]. Similarly, a high rate of trans-
locations occurred with the HiFocus™ Mid-Scala (MS)
electrode array (Advance Bionics, Valence, CA, USA) re-
gardless of whether insertion of this pre-curved array was
manual or with a teleoperated robot [Daoudi et al., 2021].

To reduce the trauma of electrode array insertion, an
automated system was designed by connecting the robot
to a navigation device to drive the pre-curved tip of the
electrode array toward the subsequent ST coiling. The ex-
periments were conducted using the MS electrode array.
Consequently, the goal of the study was to compare the
intracochlear trauma produced by the pre-curved MS ar-
ray using either a teleoperated robot or an automated ro-
bot connected to a navigation system to align the tip of
the pre-curved array to the subsequent coiling direction
of the ST.

Materials and Methods

Fifteen freshly frozen cadaveric temporal bones (TB) were ob-
tained from the Institute of Anatomy (Centre du Don de Corps,
Université Paris Descartes, Inserm CAJ-2017-078). All data were
anonymously treated, and researchers have no access to the iden-
tity of the donors. People who donated their bodies voluntarily to
research signed an informed consent. Ethical approval for the use
of these bones is not required in this study according to the guide-
lines of our institute. A mastoidectomy with a posterior tympa-
notomy and an inferior extended round window cochleostomy
were performed. The MS array loaded on its insertion tool was
used for all insertions. The array is composed of 16 active elec-
trodes with a 23.7-mm length, an active length of 15 mm, and bas-
al and tip diameters of 0.7 and 0.5 mm, respectively. A distal blue
mark indicates when the array should be ejected from the stylet by
pushing the insertion tool cursor manually, with the tool still being
held with the other hand.

The RobOtol® system (Collin, Bagneux, France) was used in 2
different ways as follows: in Group 1 (n = 10 TB), the RobOtol®
was teleoperated to align the MS electrode array with the centerline
axis of the basal turn of the ST according to its own estimation un-
der microscopic magnification (Universal S2; Carl Zeiss Meditec,
Oberkochen, Germany) as already reported [Torres et al., 2017],
and in Group 2 (n = 5 TB), the robot was connected to an electro-
magnetic navigation system (FasTrak®; Polhemus, Vermont,
USA) to align the electrode array with the programed centerline of
the basal turn of the ST and then to steer the pre-curved tip of the
electrode array toward the coiling direction of the middle turn of
the ST so that the insertion was automatically controlled.

Teleoperated Electrode Array Insertion

In Group 1, the electrode array was inserted into the ST by the
teleoperated robot. Then the electrode array was ejected from the
insertion tool using a syringe-driven system.
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Ist Step: Teleoperated Alignment and Insertion of the

Electrode Array

The array was mounted on the insertion tool, specifically de-
signed by the manufacturer, and attached to the robotic arm
(shown in Fig. 1), and the TB was fixed in the surgical position by
a plastic holder. Once the insertion tool was mounted on the ro-
botic arm, the pre-curved tip of the electrode array was rotated by
the surgeon to steer the array according to the optimal centerline
axis of the basal turn of the ST. The optimal insertion axis was es-
timated by the surgeon using a mental representation of the co-
chlea considering the facial nerve canal [Torres et al., 2016, 2017].
Then, under the stereomicroscopic view, the surgeon teleoperated
the robot driving the electrode array until it reached the first blue
mark at the level of the round window.

2nd Step: Syringe-Driven Insertion of the Electrode Array

The array was then gradually inserted and ejected from the in-
sertion tool into the cochlea by activating a Vial Medical SE 400
syringe driver (Fresenius Kabi, Bad Homburg, Germany). This sy-
ringe driver pushed a 20-mL syringe filled with saline serum con-
nected to a second 1-mL syringe which was connected to the inser-
tion tool. While the syringe driver progressed, the insertion tool
cursor was activated by a 1-mL syringe piston. The syringe driver
speed was set at 900 mL/h, yielding in an array insertion speed of
0.3 mm x s™! (shown in Fig. 2).

Automated Robotic Insertion of the Electrode Array

In Group 2, the electrode array was aligned to the ST coiling. It
was inserted by the automated robotic system until the blue mark
was reached and then manually following the programed position-
ing of the pre-curved tip of the electrode array. Four fiducial mark-
ers were screwed onto the cortical bone using a 2-mm diamond
bur and preimplantation cone-beam computed tomography (CT)
was performed to program the navigation of the robot and align
the electrode array. The electromagnetic emitter of the tracking
system was attached to the TB.

Ist Step: Determination of the Insertion Axis and Coiling
Direction of the ST
Preimplantation cone-beam CT was performed using an au-
tomatic protocol (Hi resolution, field of view: 8 x 8, interslice
interval: 0.125 um). All images were analyzed using OsiriX 4.0
(Pixmeo, Geneva, Switzerland). The distance A was measured in
all specimens at the level of the basal turn (distance from the
middle of the round window to the lateral wall passing by the
modiolus). The cochlear duct length (CDL) at the level of the
center of the cochlear duct was calculated according to the fol-
lowing formula: CDL (mm) =4.16 (A) — 4 (A: distance A) [Alex-
iades et al., 2015]. Then, the optimal axis was calculated for di-
rect access to the entry point of the cochlea as follows [Torres et
al., 2018a, b]:
1. The basal turn of the cochlea was placed parallel to the coronal
plane,
2. The intersection of the 3 planes was placed over the entry point
to the cochlea,
3. The sagittal plane was aligned to the center of the basal turn,
and the axial plane aligned to the ST,
4. A rotation of this axis was performed for direct access from the
posterior tympanotomy to the entry point of the cochlea ac-
cording to the position of the facial nerve canal, and

Pre-Curved Electrode Array Insertion by
a Robot-Automated System

Fig. 1. Devices that allow coupling of the insertion tool to the robot.
a Insertion tool mounted on the coupling device. b Coupling de-
vice attached to the FasTrak® emitter and the insertion tool.

5. The 3D co-ordinates of 2 points were obtained to determine the
centerline axis: the first at the position of the entry point to the
cochlea and the second in the center of the ST at the beginning
of the coiling of the basal turn.

The 3D co-ordinates of a third point corresponding to the po-
sition of the ST at 270° were calculated to orientate the pre-curved
tip of the electrode array within the ST before the electrode was
ejected from the insertion tool (shown in Fig. 3).

2nd Step: Navigation-Guided Robotic Alignment

The arm of the robot was automatically controlled according
to the co-ordinates of the 3 selected points obtained from the pre-
implantation cone-beam CT:
1. The entry point to the cochlea
2. The beginning of the coiling of the basal turn of the cochlea
3. The position of the ST at 270°

FasTrak® was used to determine the position of the robotic arm
in relation to the TB and was controlled by in-house software. Elec-
tromagnetic emitters were attached to both the insertion tool and
the TB. Once the tool had been attached to the robotic arm, the
position of the array was calibrated as a function of the position of
the TB. The 4 fiducial markers were used to calibrate the position
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Fig. 2. Syringe-driven insertion. The sys-
tem is composed of 2 syringes: a 20-mL sy-
ringe on the syringe driver (a) and a 1-mL
syringe on the insertion tool connected to
the venous infusion tubing filled with sa-
line serum (b). The syringe driver pushes
the 20-mL syringe that will in turn push the
1-mL syringe piston and the cursor from
the array insertion tool. The syringe drive
speed was 900 mL/h resulting in a 0.3-mm
x s~!array insertion speed. Robotic arm (c),
and electrode array (d).

Fig. 3. Comparison between the axis of the posterior tympanotomy and the coiling direction of the ST. a Surface
image of a 3D reconstruction of a TB; the red line is parallel to the posterior tympanotomy, the green line cor-
responds to the coiling direction of the ST. b At the same level as a, the bone was subtracted and the green line
follows the direction of the ST. ¢ Surgical visualization of the same TB. IN, incus; CSL, lateral semicircular canal;
PT, posterior tympanotomy; FN, facial nerve; TB, temporal bone; ST, scala tympani.

of the TB according to their positions on the preoperative cone-
beam CT. The position of the array was determined with the Fas-
Trak tool by recording the position of the tip of the array, the posi-
tion of the 4 points surrounding the array at the level of the second
blue mark used to define the position of the center of the array, and
a final point indicating the direction where the array bends when
ejected.
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Once the calibration had been assessed, the surgeon activated
the rotation to align the tip of the array with the direction of the
ST and then to align the array with the insertion axis. Then, the
rotation was locked and the electrode array moved automatically
through the mastoid cavity to reach the round window and then
to penetrate into the cochlea as far as the beginning of the basal
turn of coiling of the ST. Once the electrode array has been auto-
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matically placed according to its programed position, it was man-
ually ejected from the insertion tool. The insertion lasted about 20
s (average speed of 1 mm x s71). Once the array insertion had been
performed by either the teleoperated robot or the automated tech-
nique, and the array was fixed in position with a drop of 1% cya-
noacrylate glue.

Evaluation of Intracochlear Trauma

The cochlea was removed from the TB without moving the ar-
ray. The cochlea was fixed for 24 h with 10% formaldehyde and
dehydrated with increasing concentrations of ethanol (50, 70, 90,
and 100%, 3 h each). The specimens were mounted in crystal resin
(Pebeo, Gémenos, France) until polymerization [Torres et al,
2018a]. A micro-grinding technique was used to assess the intra-
cochlear trauma from insertion. The grinding direction was per-
pendicular to the round window/apex plane. The intracochlear
trauma for each electrode was classified as follows [Eshraghi et al.,
2015] (shown in Fig. 4):
o Grade 0: no trauma
Grade 1: displacement of the basilar membrane
Grade 2: basilar membrane rupture
Grade 3: dislocation of the array into the SV
Grade 4: dislocation of the array into the SV and spiral osseous
lamina fracture
The position of each electrode was classified into 3 categories
as follows: ST electrode (grade 0, 1, and 2 trauma), SV electrode
(grade 3 and 4 trauma), and extracochlear electrode. The numbers
of electrodes inserted into the ST and the functional cochlear cov-
erage are reported in Table 1. The functional cochlear coverage was
considered to be the ratio between the length of the cochlea in
which the electrodes were placed into the ST (expressed in milli-
meters) and the CDL (see above, determination of the insertion
axis and coiling direction of the ST section).

Statistical Analysis

Results are expressed as means + standard deviation. All data
were analyzed using R 3.1.2 statistical software (R Core Team, Vi-
enna, Austria). Quantitative variables were summarized by the
measure of central tendency. Nonparametric tests were used to
determine differences between the 2 insertion techniques. A p val-
ue <0.05 was considered to be statistically significant.

Results

Anatomic Characteristics

The distance A and CDL were similar in both groups
(Table 1). There was no significant difference between
groups on the coiling direction of the ST according to the
plane of the facial canal at the level of the posterior tym-
panotomy (automatic group: 22 + 7.5° and manual: 17 +
8.3°).

Teleoperated Versus Automated Alignment Technique
The electrode array was fully inserted independently
of the insertion technique (shown in Fig. 5). The depth

Pre-Curved Electrode Array Insertion by
a Robot-Automated System

Fig. 4. Photograph of the cochlea after array insertion. The micro-
grinding technique allowed the intracochlear trauma to be as-
sessed at the level of each electrode after the Mid-Scala array inser-
tion. ST, scala tympani; SV, scala vestibuli; white asterisk, basilar
membrane.

of insertion was not different between the 2 groups (Ta-
ble 1). We observed a significant decrease of transloca-
tions, from 70% of translocation in the teleoperated
alignment group (#n = 10) to none in the automated ro-
botic technique (n = 5) (p = 0.04, x* test). A single case
of a slight displacement of the basilar membrane was
observed in the automated robotic group (shown in
Fig. 5). All translocations of the electrode array oc-
curred around 180° (190 + 33.1°). The number of elec-
trodes inserted into the ST was higher using the auto-
matic insertion technique than with the manual tech-
nique (p = 0.02, Mann-Whitney U test). There was a
trend toward an increased functional cochlear coverage
with the automatic insertion technique, although this
was not significant (p = 0.07, Mann-Whitney U test)
(Table 1).

Discussion

Previous studies have shown that the insertion axis of
the ST into the first portion of the basal turn of the cochlea
was an important factor to reduce intracochlear trauma
during array insertion [Torres et al., 2018a, b]. An advan-
tage of the MS array is the presence of an insertion tool
with a system to eject the electrode array when its distal
pre-curved extremity has reached 80-90° as indicated by
a blue mark on the electrode.

Consistent with the notion that the electrode array
should be inserted in an atraumatic fashion, the MS array
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Table 1. Comparison of pre- and post-

insertion factors for the automated and Automated Teleoperated pvalue!

teleoperated alignment of the MS (n=5)(X£8D) (n=10)(X£SD)

electrode array .
Distance A, mm 9.2+0.43 9+0.23 0.29
CDL, mm 34.3+1.79 33.3+0.94 0.29
Depth of insertion, degrees 425+28.6 413+25.0 0.42
Electrodes (N) inserted into ST 16+0.0 11+3.6 0.02*
Functional cochlear coverage, % 45%2.3 33£9.7 0.07

MS, Mid-Scala; SD, standard deviation; CDL, cochlear duct length; ST, scala tympani.
* p < 0.05. ! Mann-Whitney U test. ST: scala tympani.

Teleoperated and syringe Automated alignment
driven insertion with navigation
RW RW
COO00C000COO00000 0000000000 000000
COO00000COO00000 COO0000000000000
000eeeeeeCoOeeee 0/0/0/0/0/0/0000e0eeee)
00000000 00000000 000000000000 0000)
0000000 000000000 0O0CO00000C00000
CoOCo0000ee0Co000 Trauma array insertion grading
@ ST electrode, no trauma

00000000 000000000 Q ST electrode, basilar membrane displacement

Fig. 5. Comparison of the intracochlear @ ST electrode, basilar membrane rupture

9. > p X 0000000 00000000 @ SV electrode

trauma produced with the teleoperated ro- @ Extracochlear electrode

bot and the automated robotic systems for 000000 0000000000

alignment of the electrode array. ST, scala

tympani; SV, scala vestibuli; RW, round 0000000000000000

window.

was coupled to the RobOtol®, which is used to perform
ear and cochlear implant surgery in patients [Daoudi et
al., 2021; Vittoria et al., 2021]. However, in those clinical
studies, insertions were performed atlow speed but with-
out control of the position of the pre-curved tip. To go
further, we coupled the RobOtol® with a navigation sys-
tem in order to automatically align the electrode array
with the insertion axis of the ST and place the pre-curved
tip in the direction of the coiling of the ST. In agreement
with previous reports, a personalization of the surgery
allowed to reduce the intracochlear trauma. A previous
report considered the entry point to the cochlea, the en-
try vector, and the depth of the curling of the cochlea
[Labadie et al., 2018]. Even though all instructions were
written and insertions were manually performed, there
was a reduction to the intracochlear trauma. Other study
considered the geometry of the array and the size of the

6 Audiol Neurotol
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cochlea, and the insertion was performed automatically
by a mini-invasive access to the cochlea, the intracochle-
ar trauma being significantly diminished [Rau et al,
2015]. Although the benefits of a personalization of the
array insertion are obvious, the use of a surgical robot
coupled with navigation and the automatization of the
procedure could be a requirement to perform a personal-
ized surgery.

Our data showed a higher rate of electrode transloca-
tions than in the previous studies reported in humans
(3-34%) [Wannaetal.,2014; Boyeretal.,2015; O’Connell
et al., 2016; Daoudi et al., 2021]. This difference may be
accounted for by the freshly frozen TB preparations
which differ significantly from living tissue. Further-
more, in the previous studies, electrode translocations
were suspected radiologically [Wanna et al., 2014; Boyer
etal., 2015; O’Connell et al., 2016], although this was an-
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alyzed histologically in the present study. Electrode
translocations detected using a 3D reconstruction mod-
el, which, in the previous studies, were well correlated
with histologic analysis in TB [Torres et al., 2017], were
found to occur similarly with the MS electrode array, but
not with other arrays, whether insertion was performed
manually or using the electrode mounted on RobOtol®
[Daoudi et al., 2021]. Therefore, for the MS array, the
critical factor influencing electrode translocation oc-
curred after the electrode had been ejected from the in-
sertion tool. No improvement was achieved when using
a low speed and a stabilized syringe driver system. This
suggests that the positioning of the electrode tip is crucial
to avoid a translocation into the SV which might account
for the lack of benefit of a controlled speed insertion in
specimens on the one hand and of either manual or ro-
botic insertion in patients on the other hand [Daoudi et
al,, 2021].

At variance with the above, no intracochlear trauma
was observed when the electrode array was inserted us-
ing an automated robotic technique, although the post-
ejection electrode progression was performed manual-
ly. The automated robotic technique, with coupling of
RobOtol® to a navigation system, achieved not only
alignment to the optimal axis of the basal turn of the ST
but also placed the pre-curved tip of the electrode array
in the direction of coiling of the ST. These results em-
phasize the importance of following the optimal inser-
tion axis of the ST, not only in its basal turn but also in
its subsequent coiled direction. On the other hand, if
the tip of the MS array is not orientated toward the mid-
dle turn of the ST when the electrode is ejected from the
insertion tool, it will damage the basilar membrane dur-
ing its progression with a high risk of translocation into
the SV.

Indeed, the robot which was programed to automati-
cally align the array considering 3 points (at the round
window niche, at the position of the ST at 90°, and at the
position of the ST at 270°) provided the alignment of the
array with successively the optimal axis of the basal turn
and the coiling direction of the ST. Using the present nav-
igation system, the occurrence of intracochlear trauma
would be reduced by providing correct positioning of the
pre-curved array tip during the whole insertion process.
To achieve high accuracy with the electromagnetic sys-
tem coupled to the RobOtol®, 4 fiducial markers should
be screwed onto the TB, a serious limitation for further
clinical application of this automated cochlear implanta-
tion system.

Pre-Curved Electrode Array Insertion by
a Robot-Automated System

The strength of this study is that it demonstrated a dra-
matic reduction in intracochlear trauma compared to us-
ing the teleoperated robotic insertion. The automatic ro-
botic system successively aligns the electrode array with
the insertion axis and the coiling direction of the ST. This
study has a limitation which is that the automatic robotic
insertion technique was only studied using the MS array.
This is because it was the only electrode array whereby
both techniques studied here could use the same insertion
tool and because its pre-curved extremity allowed the di-
rection of the array to be programed during the ejection.
Further studies are required to adapt this technique to
other electrode types.

In conclusion, with a programed alignment to the cen-
terline axis of the basal turn of the ST and the coiling di-
rection of the ST, the HiFocus™ MS electrode array
could be inserted without observable macroscopic in-
tracochlear trauma by the automated robotic insertion
technique used in this study. The orientation of the
electrode array tip toward the middle turn of the ST
could presumably be a critical step to reduce the rate of
electrode translocations using a pre-curved electrode
array, and this could be achieved by coupling a robot to
a navigation system.
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